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ABSTRACT 
a non-standard method for the electroacoustic 
reciprocity calibration of a condenser microphone is 
theoretically developed and experimentally employed to 


calibrate a W.E.4640AA laboratory standard microphone. The 
average experimental calibration so obtained was found to be 
in absolute agreement with a pressure coupler comparison 
calibration of the same microphone made ae the National 
Bureau of Standards to within an experimental uncertainty 
(sigma) of YY .03 dB Over the frequency range of 245 to 1470 
Hz using a 7O cm. plane wave resonant cavity, and to within 
an experimental uncertainty (sigma) of ~ .06 dB over the 
frequency range of 735 to 1470 Hz using a 23 cm. plane wave 
resonant cavity. Above 1470 Hz, the difference between the 
resonant plane wave reciprocity calibrations and the 
pressure coupler comparison calibration increased linearly 
with frequency to a maximum of ¥ .61 dB at 5145 Hz. 
Beginning with theory previously published by Isadore 
Rudnick, reciprocity equations for the open circuit voltage 
receiving sensitivity are optimized for experimental 
measurements in a plane wave resonant cavity to include the 
effects of finite microphone compliance and the 


non-adiabatic boundary conditions. Two right cylindrical 
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plane wave resonant cavities of different dimensions were 
constructed to provide a self consistency check on the 
method. 

A preliminary comparison of the theory for a free field 
reciprocity calibration, a pressure coupler reciprocity 
calibration, and a plane wave resonant reciprocity 
calibration is made to illustrate the common physics 
pertinent to the reciprocity principle that underlies the 
three methods. 

Experimental calibrations based upon free field 
reciprocity were made alternately with plane wave resonant 
reciprocity calibrations to provide an ongoing experimental 
comparison when combined with published diffraction effects 
for a standard mounting of a W.E.640AA laboratory standard 
microphone. The National Bureau of Standards comparison 
calibration was based upon an absolute pressure coupler 
reciprocity calibration and was obtained shortly after the 
resonant reciprocity calibration measurements were 


complete. 


THESIS DISCLAIMER 


The reader is cautioned that computer programs developed 
in this research may not have been exercised for all cases 
of interest. While every effort has been made, within the 
time available, to ensure that the programs are free of 
computational and logic errors, they cannot be considered 
validated. Any application of these programs without 


additional verification is at the risk of the user. 
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I. THE PRINCIPLE OF ACOUSTICAL RECIPROCITY 


A. INTRODUCTION 


In any experiment requiring absolute acoustic 
measurements there exists a need for an accurate calibrated 
standard microphone, or its equivalent, to be used to 
directly measure acoustic data or to be used as a 
sensitivity reference. The primary subject of this paper is 
an unconventional method for obtaining such a calibration on 
a standard microphone. First described by Isadore Rudnick 
CRef. 1], this unconventional method results in an 
acoustical reciprocity pressure calibration of a standard 
microphone. It is unconventional in that it uses a plane 
wave resonant cavity instead of a free field or ae small 
pressure chamber for the calibration. The method of plane 
wave resonant reciprocity calibration (CRef. 1] has been 
satisfactorily employed by G.W. Swift, A. Migliori, S.L. 
Garrett, and J.C. Wheatley, to calibrate a dynamic pressure 
transducer from QO to 400 hertz in a 1i-MPa helium gas. The 
dynamic pressure calibration so obtained was experimentally 


verified by another calibration method based upon a mercury 


manometer to within an instrumental uncertainty of one 
percent CRef. 2]. 

Conventional methods for obtaining acoustic pressure 
calibrations of microphones are published by The American 
National Standards, Inc. (ANSI) CRef. 31], and include 
pressure coupler reciprocity calibration and free field 
reciprocity calibration. These two acoustic reciprocity 
microphone calibration techniques are well reported in the 
literature CRefs.4,5,6,7,8,9,10,11,12). 

In this dissertation, the application of acoustical 
reciprocity to microphone sensitivity calibrations will 
include theory for all three types of acoustical reciprocity 
calibrations and experimental measurements of microphone 
sensitivity based upon plane wave resonant reciprocity, free 
field reciprocity, and pressure-reciprocity calibration 
performed in a closed coupler. The coupler calibrations 
provided here were performed by the National Bureau of 
Standards. Essential to the derivation of the general theory 
for a plane wave resonant reciprocity calibration is a 
“microphone that feels no impressed pressure" (Ref. 1]. This 
describes a perfectly rigid microphone for which the 
mechanical impedance is infinite. Here, the finite 
impedance of the microphone is included and a correction to 
the plane wave resonant reciprocity calibration is predicted 


and experimentally verified at low frequencies. 











When calibrating microphones ina gas it is interesting 
to note, and will be shown, that all three methods of 
acoustic reciprocity calibration require (to within a 
multiplicative constant) the measurement of experimental 
variables that can be expressed in a similar way. These 
variables are; a volume, the frequency of sound, the 
barometric pressure, the ratio of specific heats, and basic 
electrical measurements. AS a consequence of this common 
descriptive set, acoustical reciprocity calibrations are 
Classified as prigeary methods of acoustic microphone 
calibration after Bobber ([CRef. 10], where a primary method 
1s defined as requiring only Dasic measurements of voltage, 
current, electrical and acoustical impedance, length, 
mass(or density), and time(or frequency). Secondary methods 
are those in which a microphone, or some other reference, 
has been calibrated by a primary method and is used as a 
reference standard. 

To appreciate the impact that acoustical reciprocity 
calibrations have had upon acoustical science, it is useful 
to review the history of acoustical reciprocity in the 
context of historical attempts to measure acoustic pressure, 


particle displacement, and particle velocity. 


B. HISTORY 


The acoustical reciprocity principle was introduced 
first in Lord Rayleigh’s (John William Strutt) paper on 
"Some General Theorems relating to Vibration"(CRef. 13] in 
1873. In that paper he gave the following example of 
reciprocity and credited Helmholtz with a proof in the case 
of a uniform fluid without friction: 

"In a space occupied by air, let A and B be 
two sources of disturbance. The vibration excited 
at A will produce at B the same relative amplitude 
and phase as if the places were exchanged. "lRef. 
1353 p. 181] 
In 1877, in his treatise on The Theory of Sound (Ref. 14], 
Lord Rayleigh gave as an example of the reciprocity theorem 
in acoustics the following: 
"let A and B be two points of a space occupied 
by air, between which are situated obstacles of 
any kind. Then a sound originating at A 15 
perceived at B with the same intensity as that 
with which an equal sound originating at B would 
be perceived at A."CRef. 14: Vol I, p. 134] 
In various examples, Lord Rayleigh applied the reciprocity 
Principle to a harmonic transverse force and a resulting 
displacement in a bar (CRef. 14: Vol I, p. 153], and to 


periodic electromotive forces and the resultant currents in 


electrical circuits (CRef. 14: Vol I, p. sa) IF 














lord Rayleigh proposed to measure the acoustic particle 
velocity ina sound field with the "Rayleigh disk" in 1882 
C[Ref. 9: op. 148]. When the theory for the performance of 
the Rayleigh disk was set down by Koenig (Ref. 9: p. 148], 
it became widely used as a tool in acoustical measurements. 
Other investigators measured the acoustic particle amplitude 
but in general these techniques yielded measurements) which 
were accurate to within a few percent at best ([Ref. 9: pp. 
159-160]. : 

A primary source of sound was invented by Gwozdz (Ref. 
9: p. 169], a Russian engineer, in 1907 when he used a wire 
heated by electricity as a source of sound. This 
thermophone was improved on by Lange (CRef. 15] when he 
invented a thermophone with substantial acoustical output in 
1914. H. D. Arnold and I. B. Crandall (Ref. 16], developed a 
GQuantitative theory to explain the workings of the 
thermophone, and both S. Ballantine CRef. 171 and E.C. Wente 
CRef. 18] improved upon the theory. The thermophone remains 
today as a primary sound source with accuracies on the order 
of 1 dB re 1V/ubar (Ref. 9: pp. 171]. In 1917, developments 
in the field of vacuum tube amplifiers with their high input 
impedance made the design of a condenser microphone by Wente 
CRef. 19] practical. The first calibration of Wente’s 
condenser microphone was accomplished using a thermophone of 


his own construction (CRef. 19]. It remained for MacLean 


CRef. 4] and independently, Cook (Ref. SJ to first apply 
Rayleigh’s reciprocity theorem to the electroacoustic system 
in a manner such that absolute acoustic reciprocity 
calibrations of the receiving (and transmitting) sensitivity 
Of a microphone were obtained. 

G.S.K. Wong and T.F.W. Embleton [Ref. i211, have 
predicted the best accuracies for a condenser microphone 
calibration to date using the pressure coupler reciprocity 
calibration method, with the uncertainty of the absolute 
open circuit sensitivity level expected to be less than .005 
dB re 1V/ubar. This dissertation will theoretically and 
experimentally explain the calibration of the open circuit 
receiving sensitivity obtained with the method of plane wave 
resonant reciprocity for a standard Western Electric 640AA 


condenser microphone. 
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In the photograph above, a W.E.440AA one inch laboratory 
standard condenser microphone is shown on the left, in the 
center is a Knowles type BT 1751 subminiature transducer, 
and on the right is a General radio type 1434 condenser 
microphone. Both the W.E.4640AA and the GR 1434 condenser 
microphones have locally made electrical connectors for BNC 


connectors partially visable in this photo. 


C. A GENERAL THEORY OF ACOUSTICAL RECIPROCITY 


Prior re discussing acoustical Leecher oacity. the 
following symbols are defined: 
2, - velocity potential due source "A" 


Dy - velocity potential due source "B" 








4), — acoustic pressure field due source "A" 

Pa - acoustic pressure field due source "B" 

mere 

Up - acoustic particle velocity due source "A" 

Us - acoustic particle velocity due source "B" 

a - volume velocity of source "A" 

fae - volume velocity of source “B 

e - equilibrium density of acoustic medium 

Ww - angular frequency of either monofrequency source 
C@ - open circuit receiving voltage 

f =—- short CYrcuit transmrteting cunrsent 

Z - general term for impedance Cacoustic or electrical] 
Neo - open circuit receiving sensitivity 

Sé - transmitting sensitivity (current) 

ea - reciprocity factor (acoustic transfer admittance) 
if 


- ratio of specific heats for the acoustic medium 


be - ratio of specific heats for medium corrected for 
non-adiabatic boundary conditions and for 
the effects of relative hnumidity. 


6 - equilibrium (ambient) pressure 
Vo - Cavity volume used in reciprocity scheme 
d - acoustic wavelength 





AL - acoustic phase speed in unbounded medium 
<r - time averaged energy density 


Qu - quality factor of the Nth resonance 


> 
m 
| 


energy dissipated per cycle 
LL. - length of cylindrical plane wave resonator 


Ao —- end cross sectional area of cylindrical plane wave 
resonator 


N - the mode number of the longitudinal resonance 


f, - fundamental frequency of longitudinal resonances 
+ - frequency ‘{Hz+ 

A - wavenumber, equal to (2*pi)/ (wavelength) 

Ry - modal wavenumber {for rigid boundary conditions in 


the ends of the cylindrical resonant cavity, equal 
to (mode number*pi)/(length of tube) > 
A theory of passive linear electroacoustic transducers 
was developed by L.L. Foldy and H. Primakoff in a two part 
paper published in 1945 (Ref. 20] and in 1947 CRef. 21]. In 
their theory, the pressure and normal velocity at each point 
on a transducer’s surface and the voltage and current at a 
transducer’s electrical terminals were shown to be related 
by a set of linear integral equations. Solving the wave 
equation using Green’s functions for the medium in which the 
transducer was immersed and using the equations defining the 
electrical termination of the transducer, they showed that 
the behavior of a transducer could be completely 


Characterized in terms of four parameters. These four 


parameters were shown to be: the voltage across the 
electrical terminals of a transducer, the current flowing 
into these terminals, the acoustic pressure at any point on 
the surface of the transducer, and the normal velocity of 
the surface at every point on the face of the transducer 
CRef. 20]. In part II of the paper, L.L. Foldy and 4H. 
Primakoff developed the conditions necessary for the 
validity of the electroacoustic reciprocity theorem in a 


wide variety of physical systems. They found that, 


“transducers possessing: electrostatic 
coupling only, or electromagnetic coupling only, 
obey the ‘reciprocity relations’ providing that 


the polarizability, the susceptibility, the 
Hooke’s law, and the conductivity tensors’) are 


symmetric; on the other hand, transducers. 
possessing piezoelectric coupling only, or 
magnetostrictive coupling only, demand in addition 
(for the satisfaction of the ‘reciprocity 
relations’), the equality of the direct and 
inverse piezoelectric and magnetostrictive 


coupling tensors. The symmetry and equality of 
the tensors under discussion is always satisfied 
at sufficiently low frequencies; whether or not it 
holds in general depends on the detailed physical 
mechanism of the medium and of its electroacoustic 
coupling, in particular, on whether or not 
dissipative phenomena of the ‘relaxation’ type are 
present..."CRef. 21] 


The four parameter transducer description of L.L. Foldy and 
H. Primakoff is used for a condenser microphone in this 
paper. 


To demonstrate resonant reciprocity in a cavity, 


consider the volume shown in figure 1.1. The walls are rigid 


and there are two reciprocal transducers flush mounted in 
the walls. In the ensuing discussion each transducer wili 
be used alternately as a sound source and aS a= sound 


receiver. 
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When the sound fields within the Cavity are 
irrotational, the acoustic particle velocity iS given by the 
Qradient of the velocity potential. Following Kinsler, 
Frey, Coppens, and Sanders (CRef. i p.155], we apply a 
vector identity to the two velocity potentials associated 


with the two sources to obtain, 


7+ (4G) = VK°7F. + BVP equation i 


When the vector identity 1S again applied, after reversing 


the order of the velocity potentials, we obtain, 


V-(G,V% ) = V9, > VP, + Dg 7 Oy Equation 1.2 


These two equations are now subtracted and the result 15 
integrated over the volume shown in figure 1.1. This yields 


the integral equation, 


Equation 1.3 


{i y-( 4,1, >,74,) dV = , (4,7 $q 7 ,74,) dV 
Vol. 


Vol. 


as the divergence theorem 1s applied to the left s1d@ we 


obtain Green’s Theorem, 


ard, 4704) N dS f(b, - V9.) dV = quat 


Surtace. Yol. 
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x 
where N is the unit vector normal to the surface. Now, if 


we operate both sources at the same frequency, 


van = k on 


Equation 1.5 


and, 


1) 


z 
. k Pe Equation 1.6 


Vs 


upon substituting equations 1.5 and 1.6 into equation 1.4, 


we obtain, 


(478 a $,76,) ‘NdS = a (> (-'>| a dsb 1) = 


Vol. Equation 1.7 
Suttace 


and on the left side of equation 1.4, all that remains is 


the integral. 


© ( daV Os ~ b.V br) i . as eer 


Equation 1.8 
Surtace, 
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The acoustic particle velocity and the acoustic velocity 


potential are related by, 


Us Equation 1.9 





and from the linearized Euler equation in a medium with 


constant density, we Nave, 


\) 


SI aes 5 
© Ot az J (0 Equation 1.10 


Now, prior to substituting equations 1.9 and 1.10 into 
Equation 1.8, if we consider the integral in equation 1.8 to 
consist of one portion over the rigid walls and the other 
pertion over the surfaces of each simple source exposed to 


the inside cavity volume, equation 1.8 can be simplified, 


§ (b,7b,-baVdq) Nas 2 5 (8,7¢5 - > 76, \-ndS =O 


Simet€ Equation 1.11 


Rid SOURCES 


Walls 


Since the normal component of the particle velocity 1S zero 
at the rigid walls, the integral over the surface of the 
walls is zero and we are left with the integral over the 
exposed faces of the transducers. For harmonic velocity 
potentials, equations 1.9 and 1.10 are substituted into 


equation 1.8 where we obtain, 


(P,Hy - fyU,)-NAS = 0 


SOURCE 
Laces 


EQUuatiom i.12 


With the definition of the following parameters, 


—_ 
Pab(r) = pressure at me when "“B" 1s transmitting as a function 
of position, r, on A’s surface. 
= - 
Poha(r’) = pressure at "B" when "A" 15 transmitting as a tuncticn 
of position, = on B’s surface. 
2 a 
ua(r) = velocity of the "face" of source "A" as a function 
of position, i 
~ = 
ub(r') = velocity of the "face" of source "B" as a function 


ee =>, 
of position, r . 


And provided the acoustic pressure over the face of the 
transducer acting as a receiver 1S uniform, we are able to 
write the following form of the statement of acoustic 


reciprocity: 


— A 
— >, va | a ‘N ¢ 

ae ) Vea ) *N S = ayes U4, (1) d A Equation 1.13 

(+ r’) Source 
tap Source Ton wah 
When only simple sources are involved and each integral of 
the normal component of the velocity over the face of the 
source 1s replaced by the respective volume velocity this 


becomes, 


ep Us 


Equation 1.14 
Tas Ten 


This 1S analogous to Rayleigh’s statement: 


"eee e the vibration excited at A will produce 
at B the same relative amplitude and phase as if 
the places were exchanged. "CRef. Lo 
The principle of acoustic reciprocity will now be applied to 
electroacoustic transducers so that we can obtain what 15 


termed a reciprocity calibration of the microphone open 


Circuit receiving sensitivity. 
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D. ACOUSTIC RECIPROCITY CALIBRATIONS OF MICROPHONE SENSITIVITY 


When we describe the general properties of a simple 
source it is often correct to consider the simple source as 


a linear two port electroacoustic network CRef. 20], 


© TRANSDUCER 





Figure 1.2 Electro-Acoustic Two Port Network. 


From Foldy and Primakoff (CRefs. 20, 21], the equations 
describing the relationship between the open circuit 
receiving voltage, e, the pressure at the receiver surface, 
p(r), the transmit current, i, and the transmitter normal 


velocity, un(r), at the face of the transducer are, 


raft + SHO Ae 


SuRt ice 7 Equations 1.15 
; aa >, 

P= [haji + |S BGP werd 
Sue fice, 

The reciprocity relations that are required of any 


transducer used in a reciprocity calibration are [CRef. 21]: 


x 


LA 
, oa oP cel func 1On / 


HUEY) et) =¢ J Wot dependent upos Yr: 


' Equations 1.56 


Zee 1 = oe (75) 


y 


The variables used above are defined by L.L. Foldy and H. 


Primakoff to be CRef. 21]: 


Zb = the blocked electrical Sg of 
the transducer 
—_ 
h(n) = the speaker transfer impedance 
h'(r’) = the microphone transfer impedance 
Z(Fyr’) = the generalized open circuit normal 
acoustic impedance of the transducer 
surface. 


The first equation simply states that the speaker transfer 
impedance and the microphone transfer impedance are equal in 
magnitude and the phase angle between them is the same at 


all points of the transducer surface. 


When equations 1.15 are recast in matrix form, h(r) and 
h’(r’) are equal to 221 and =Z12 respectively, the 
generalized acoustic impedance is constant over the 
transducer ’s surface and is replaced with Z22, the integrals 
of the normal velocity over the transducer surface are 
replaced by the volume velocity U, and Zb is replaced with 


Z1ii1. 


ee A Zig U 


Beat L} Equations 1.17 


ie Lay 


In particular, with the voltage-pressure and current-volume 
velocity formulation shown above, if Zi2 equals (+,-)Z21 
then the transducer is said to be a reciprocal(+) or. an 
antireciprocal (-) transducer (Ref. 22]. The impedances are 
now described by: 


Ziil = open circuit voltage / short circuit current 


Zi2 = open circuit voltage / volume velocity 
Z21 = received acoustic pressure / short circuit current 
Lec = received acoustic pressure / volume velocity 


When two such transducers are connected by an acoustic 


medium, a four port network will represent the system, 
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Figure 1.3 Four Port Electro-Acoustic Network 


If we choose all the receiving sensitivities to be the open 
Circuit voltage receiving sensitivities and all the 
transmitting sensitivities to be the current transmitting 


sensitivities, we have the following definitions: 


il 


eC. ; 
1/ PO Ecuat1 on” fame 


Ma 


S, Pa/i4 Equation 1. ve 


i 


Me, C4/p3 Equation 1.20 


a ae 
oN ve [ie Equation 1.21 


Dividing equation 1.18 by 1.19 we obtain, 


ID Bn Sete A. 
Sa pa &S 


= 


EeuaETONM 1. 22 


and dividing equation 1.20 By equation 1.21, we obtain, 


Ma e414 
— << — . Equation 1.23 


S, 3 PA 


Where we define: 


el = open circuit voltage at port(!1) when transducer "&" 
is transmitting. 


1i = input current at port(1) when transducer "A" 
1s transmitting. 


P2 = acoustic pressure at port(2) when transducer "BK" 
1s transmitting. 


PS = acoustic pressure at port(s) when transducer "A" 
lis transmitting. 


e4 = cpen circuit voltage at port:4) when transducer "A' 
1s transmitting. 


14 = input current at port(4) when transducer "5B" 
is transmitting. 
Now, if both oF ee the transducers and the mediurRr are 
“reciprocal”, meaning that Z12=Z21, 223=7Z32, and 2354=243, 


the equations representing the reciprocal system are, 


e4 Fa Z\4 uf 


— Equations 1.24 


ag 
C+ | Zu ait fod. | 


RECIPROCAL ELECTRO- 
ACOUSTIC sr oiEM 





By definition, el and ii do not coexist in time. Similarly, 
ef and 14 do not coexist in time. Thus if 1 receives when 4 


transmits, 
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O 
e4 = [ 2A d) ns (z4 | [i¢] Equation 1.25 


and when 1 transmits and 4 receives, 


O 


ed = 241] | 4] = [24 (0) - Equation 1.26 


If the network described by equation 1.22 15 reciprocal or 


antireciprocal, then 214 = (+-) Z41 so that, 


> 


et (x) 


‘ ; EGuation 1.2/7 
Ut Ld 


This 1s the electrical analog of Rayleigh’s statement of 
acoustical reciprocity (Cer. Pee) OUDSt) CU tng meat Sento 


equations 1.22 and 1.23 we obtain, 





| 





Ma . e4i{ _ €4l4 _ Ma 


—-— —_— EQUiaAtisem: i. 2S 


Gy 2 P3 P32 Sg 


Following L.L. Beranek (Ref. 9] and R.J. Bobber CRef. 10] we 
define this ratio as the reciprocity factor, "J" and we 


have, 


s 
P 


Ma oc SS Ss 7 
Sr 


Equation ieee 


Ta" 
bo 


Provided that the medium and both transducers are 
reciprocal, and if both transducers are :deal, we have shown 
that the reciprocity factor "J" depends only upon the medium 
(imcluding its boundaries) = and 1S independent of the 
transducers used. 

To obtain a comparison between the two transducer’s 
recelving sensitivities, a separate sound source 1s used to 
generate the same acoustic pressure that in turn 1S Sampled 
at the same position by each of the receiving microphones. 
The ratio of the received voltages yields the desired 


comparison. 


ve Me 
f (same ce MA IV\ 3 


Equati ome 


- 5O —- 








Va and Vb are the open circuit receiving voltages of 
transducers "A" and "B" respectively when the third separate 
sound source is transmitting. Equations 1.29 and 1.30 yield 
two expressions for Ma which we multiply together to obtain 
the square of the open circuit receiving sensitivity for 


transducer A. 
2 _ Va ( —_ 
(Ma) = [Mo Ve Ss : ) Squatiogn 1.61 


Applying the definitions of Sa and Mb found in equatians 
1.19 and 1.20, we obtain the solution for the open circuit 


receiving sensitivity for microphone "A". 


/ 
Cy Va a . 
Me = U4 Va Seulation i2c2 


Using a Similar procedure for transducer "B" we obtain, 


‘| 
Gr Ve a | A 
M KS - U4 VA Equation i.l2 


If the voltages and currents in equations 1.32 and 1.33 can 
be measured, the only parameter remaining to be calculated 
in order to obtain a complete solution for the receiving 
sensitivities Ma and Mb is the reciprocity factor, "J". The 
physical meaning of the reciprocity factor "J" will be 


explained in the next section. 
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2. General Determination of The Reciprocity Factor, "J" 


When the dimensions of the reciprocity factor, "J" are 


considered, we find that it can be interpreted as having 


dimensions of volume velocity Over pressure. This is” an 
acoustic admittance. After Rudnick CRef. 1], we proceed to 
determine the solution ‘for the reciprocity factor by 


considering as our reversible transducer one that is small 
compared to a wavelength, and is so noncompliant that its 
introduction at a point in the sound field never alters the 
sound pressure at that point. By the same token, when used 
as a speaker its volume velocity is independent of the 
acoustic load. Let both transducers be identical and of 
this type. The restriction that they be identical can be 
lifted trivially by the introduction of a third receiver as 
was done previously in the development of equation 1.30. For 
"A" transmitting and "B" receiving we obtain, using 


equations 1.17 for transducer “A", 


en = Zi At Ay ad 


wie Cee: awe Aa Equations 1.34 
C) — 


The second equation has a zero on the left because there is 
no impressed pressure and the ideal transducer does not feel 


the pressure that is self generated. For transducer "B" we 
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have, 


ie 8 
ed = Zyyt0) a5 £42 U3 


0 ® 
P3 Zyy(0) + peace Equation 1.35 


since we have identical transducers in this example, 


i 


Z43 
Cte = -M,2 212 = — 
03 Ma Ae ae 733 Equation 1.36 


and, 
S = oe Equation@ae: 
bk 
We solve the second equation in 1.34 for the current, il, 


| , 12 
‘tos ~ 222 up = +. 


Zal\ MA a Equation 1.38 





Substituting the result for i1 into equation 1.37 and 
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manipulating the terms, we obtain equation 1.59 and thereby 
have shown that the reciprocity factor “J” 15 the acoustic 


transfer admittance. 


Map. _ 2 2 - 48 
i 7 P 2, Pa Equation 1.39 
AB 


Since the acoustic transfer admittance depends upon the 
medium through which the acoustic signal moves, and on the 
boundaries of this medium, the solutions obtained for the 
microphone voltage receiving sensitivities will only be 
vel ene the medium and its boundaries are unchanged over 
the duration of the experimental measurements. 

When setting out to calculate an analytical form for the 
reciprocity factor, different geometries of the medium 


between the two transducers will result ala apparent 


a 


differences in the forms found “for secre Gee However, AS 


t 


mentioned earlier, it 18S important to note that (to within a 
multiplicative constant) alli of these solutions Tor “TI” will 
have the same form; The product of a volume and a frequency 
divided by the adiabatic bulk modulus of elasticity for tre 
medium. To show this, three different "volumes" as shown in 
figure 1.1 will be utilized. For a gas medium, the 


adiabatic bulk modulus 15 expressed as the product of the 


barometric pressure and the ratio of specific heats. Short 
descriptions of the dimensions involved in these different 
physical environments follow: 


Volume 1: All dimensions are much smaller than 
the acoustic wavelength (CRefs. 3, 9, i2]. 


Volume 2: Free field [CRefs. 4, 5, 7,8, 9%, 190, 
Eis 


= 


Volume 3: Qne dimension is greater than or 
equal to half an acoustic wavelength with the 
other two dimensions smaller than an acoustic 
wavelength (cylindrical cavity) CRefs. 1,2]. 

The solutions to be obtained for "J" in the next section 


will allow the equations for Ma and Mb to be defined in 


terms of basic electrical and physical measurements. 
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a. The Calculation of ae le for a Pressure Coupler 
Reciprocity Calibration 

For all dimensions much smaller than an acoustical 
wavelength, "volume 1" in the previous section, the 
magnitude and phase of the pressure will be essentially the 
Same everywhere within the cavity. Using the adiabatic form 


of the ideal gas law, 


y 
ie \/ - CONSTANT 


Equation 1.40 


we take the natural log of both sides and differentiate, 


de »yW.ao 


e \J Equation 1.41 


If the acoustic pressure is harmonic then it can be written 


as, 


jul 
dk =p Re 


Equation 1.42 


then considering the change in aceustic pressure with 


respect to time, 


> 


ee re 


— = ,) WwW 


i 


Equation 1.43 


Recognizing that the volume velocity may be expressed as the 
time rate of change of the volume we can write the time 


derivative of equation 1.41 as, 


yw ft vie an ee 


° Vo Equation f. 44 
© 





consequently, 


ia 2s 
ae ae 


Equati On “ia 





This is the reciprocity factor for a "small" cavity. 
Without any manipulation it 15 seen to follow the general 


form given earlier for "J". 
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b. The Calculation of "J" for a Free Field Reciprocity 
Calibration 

For the free field we make use of equation 1.14 which 
shows that the ratio of the acoustic pressure at the face of 
a transducer acting as a receiver to the volume velocity of 
that transducer acting as a source is the same for any 
Simple source. We are therefore able to choose a simple 
sphere to represent the source. It can be shown (Ref. 11: 
p. 164], that for an oscillating sphere of radius "a", 


where "a" is much less than a wavelength, we have, 


5 (wt ke) 
2? ia) = 3 (oC Us (=) (a € Equation 1.46 


The volume velocity for the simple spherical source will be, 


L} = (aa ee )U. Cc Equation 1.47 


Combining equations 1.46 and 1.47 to obtain a form of the 


acoustic transfer admittance, we have, 


3 (ke-TR) 
_ 4¢nre 


fc R 





Equation 1.48 


o 
io 
substituting, 


Uh = as 
= Equation 1.49 


» 


we obtain for the magnitude of the free field reciprocity 


factor "J", 


ee aoc 
|, aa Equation 1.50 
Pa ee 





When the numerator is multiplied by the wavelength, and the 
denominator is multiplied by the phase speed divided by the 


frequency, we see that, 


Us. at Pr 
PA i 8 


Equation 1.51 





This also is the general form given earlier for "J", where 
the effective volume is a rectangular solid with length = and 


width equal to a wavelength and a height of Zr. 


c. The Calculation of "J" for The Plane Wave Resonant 
Reciprocity Calibration 

To illustrate the final case where the acoustic 
wavelength is much larger than two dimensions and equal to 
Or smaller than twice the third dimension of the cavity, a 
plane wave cylindrical resonator is used. For this case, 


the reciprocal transducers are mounted in the ends. 
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Figure 1.5 A Cylindrical Plane Wave Resonator 


Solutions of the wave equation within such a cavity predict 
three kinds of resonance modes; radial, azimuthal, and 
longitudinal. When the dimensions of the cylinder are 
chosen so that the lowest azimuthal and radial resonance 
modes occur at frequencies higher than the highest 


longitudinal resonance in the frequency range of interest, 


then below this frequency, only longitudinal (or plane wave) 
resonances can occur. For a cavity with rigid walls and 
ends, the pressure field within the resonant cavity is given 


by, 


jas 


COs m6) COS ae .) = 
p("9,%) 7 Sin | ( S Sm ( <2 C Equation 1.52 


Here, Jm() refers to a cylindrical Bessel function and ~»not 
to the reciprocity factor. 

From Morse (CRef. oe p.398), the ratio of the 
fundamental azimuthal mode to the fundamental longitudinal 
mode is found to be .586 times the length to radius ratio of 
the cylindrical cavity. The ratio of the fundamental radial 
mode to the fundamental longitudinal mode is found to be 
1.22 times the length to radius ratio of the cylindrical 
Cavity. A photograph of the cylindrical plane wave resonant 
cavity used to experimentally observe the different resonant 
modes is shown next. All three different modes are then 
seen in figure 1.46, as a relative plot of the microphone 
voltage output vs frequency. A Knowles Type BT-1751 
subminiature transducer acted as the microphone’ and was 


mounted on the curved wall of the 23.3 cm long cylindrical 


cavity shown in the photograph. The source was a W.E.4540AA 


condenser microphone, Serial #1248, mounted on one end. 
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FREQUENCY IN KHZ 


Following G.W. Swift,A. Migliori, S.L. Garrett, and J.C. 
Wheatley CRef. 21], the calculation of acoustical transfer 
admittance is as follows: 

The dot product of the acoustic particle velocity with 
both sides of the linearized Euler equation of motion 


yields, 


Te, St = U- (-VP) 


Equation tage 
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Next, the equation of continuity of mass, written to first 


order in the acoustic density, 15 multiplied on both sides 


by the acoustic pressure, 


f (Fa| at = £ (-v- i) Equation 1.54 


adding equations 1.53 and 1.54 we have, 


ts o : t(- Vf) + p(-v-4) Equatvened .2a 
ot 


ac aa 
U6 7 
this equation can be rewritten as, 


Eee s 


D U oe = 
——_ | = @ UY J} eo Ve pt ) EquUALIeGRhes So 
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This is an equation of continuity for energy density. The 


terms in the leftmost bracket are the kinetic energy censity 


and the potential energy density respectively. THe product 
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of acoustic pressure and acoustic particle velocity is the 
acoustic intensity. . This equation is integrated over the 


volume within the resonant cavity to obtain, f 


‘\ 


Sobers tay = § var (pu) dv 


aree 
Equation 1.57 
ve VoL q 


Applying the divergence theorem to the right hand side of 
this equation and reversing the order of integration = and 


differentiation on the left hand side, the equation becomes, 


(Ene) ae & purwds Equation 1.58 


Surtace 


For plane waves at a longitudinal resonance, the acoustic 
Pressure amplitude is uniform over each end of the 
cylindrical cavity. Additionally, with the rdeal receiving 
microphone (the mechanical impedance is infinite), the 
integral of the normal component of the particle velocity 
over the rigid wall of the cavity volume is zero everywhere 


except on the surface of the source microphone, 


ies 
A _ P { eNO 
an | E Teotau | — END Equation 1.59 


SOURCE 
FACE 


Taking the average over one cycle yields, 


Equation 1.60 


77a ae. * eens) dt 
a at i 


Here we have obtained the incremental change per cycle of 
the plane wave energy within the cavity due to the work per 


cycle done by the source microphone. 


\ | 
SE = ny aa \ Payy Wews ) at Equation 1.61 


a 


Within the cavity, the energy dissipated per cycle equals 
the work done per cycle to drive the source when a steady 
state longitudinal resonance is maintained. Thus, the 
change in the total plane wave energy available above as a 
result of the average work done by the source over one cycle 


must be the energy input per cycle required to sustain the 


plane wave resonance. Here the energy dissipated per cycle 
is expressed in terms of the source pressure, the source 
volume velocity and the sound frequency. 

If the velocity of the driving face is considered to be 
harmonic and if the acoustical system being driven is ata 
longitudinal resonance, then the acoustic impedance at the 
source is purely resistive and the particle velocity and 
acoustic pressure are in phase at the face of the driving 


transducer. In this case we have, 


= P, gost) 


2 Equation 1.62 
L}, Ces (vst ) 
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Now the energy per cycle required to sustain the resonance 


can be written as, 





AE P Ho ae ce RNs 
CNA\E - + a Equation 1.43 


The terms for energy density found in equation 1.56 can 
now be used to calculate the total acoustical energy +found 


within the cavity. Consider a differential volume of length 


dx and cross sectional area equal to that of the cylinder 


located at position "x" within the tube. 





differential volume 
under consideration 


For rigid ends, the Pressure standing waves due to 


longitudinal resonances within the cavity are given by, 


Home 
P(at) Pe COS ( Ru x) Ge 


Equation 1.64 


From the linearized Euler equation in a medium with constant 


density we have, 


Du = — 
Bes YT 


Equation 1.65 


Taking minus the gradient of equation 1.64 we obtain, 
jwyt 


-—VvP = Rv Siw (Rw) c Equation 1.66 


Substituting into equation 1.65 and solving for the 


derivative of the particle speed with respect to time, 


| 5 wet 
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Integrating, we obtain the acoustic particle speed, 
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Keeping the real part of the complex acoustic particle speed 


we Nave, 
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From equation 1.64 the real part of the complex acoustic 


pressure 15, 


P(x) = a Cos (yx) Cos (Wat ) Equation 1.70 


The total mechanical energy within the differential 
volume shown is the sum of the differential kinetic energy 


and the differential potential energy contained within. 


q\ ae a6 a xe Equation 1.71 
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The differential kinetic energy trom equation 1.356 1s given 


by , 


ae = few Aody 


Eawatirom 1.72 


and the differential potential energy from equation 1.56 is 





Given by, 
= U E quat 1 Gime, = 
wis Bot 
Combining equations 1.6%, 1.7 On ley 2 and i1./3 9 te 


differential of the total mechanical energy of the standing 


waves within the small slice of volume is obtained, 


So oy, hax) Sm Ww ; 
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Equation 1.74 


ei 
ie x\ Co wt 9 
. é.0 | fe Cos (kox) ( s(w ] A x 


Integrating Over the cavity volume we obtain tne integral 
form oft the total mechanical energy within the plane wave 
resonant cavity, 

Xe 


ie P, Ao ate Kyr\ Sioe(wet \ + ps (Kex) Cos (o.t)] dx 


Ey 26,2 


Equat i Omi 


For rigid ends within the plane wave cavity, the modal wave 


number 15, 


koe MS 


Equation 1.76 
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Upon substitution into equation 1.75 and integration we 


obtain, 
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Using the root mean square value for the acoustic pressure, 


Pin, Aol 
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Where "Q" 1s the quality factor of the plane wave 


longitudinal resonance we have (Ref. 11], 
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we can substitute the values previously determined to 


obtain, 
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From the ideal gas equation of state, we have, 


ar 


ee 


Equation 1.81 


Since at a longitudinal resonance ina plane wave resonant 


cavity with rigid ends, the pressures at each end are equal 
in magnitude, we can write for the magnitude of the 


acoustical transfer admittance of the plane wave resonator, 


U3 a vy Vo oe 
Pd Se 4 Qn 


Equation 1.82 


Inasmuch as the quality factor for the Nth resonance is 
dimensionless and is computed from a set of basic electrical . 
measurements at frequencies in the vicinity of resonance, we 
have once again the general form given earlier for "J". 

The complete representation of the reciprocity equations 
which 


may be considered for experimental implementation in 


all three different geometries will next be summarized. 


a. Plane Wave Resonant Reciprocity Calibration 
For the case of the plane wave resonant cavity 
reciprocity calibration, we can combine equations 1.32 and 


1.82 to obtain, 


/>. 
M z= C4 Va ow Vo $4 
A a Ve P, ¥ Oe Equation 1.83 


This is the gsnirtrail form of the solution for the open 
Circuit voltage receiving sensitivity found using the plane 
wave resonant reciprocity method of microphone calibration. 
In chapter ee the difficulties associated with 
experimentally obtaining the required measurements of the 
basic electrical and physical parameters used in the above 


equation will be addressed. 


b. Free Field Reciprocity Calibration 
For the case of the free field reciprocity calibration, 


equations 1.32 and 1.50 yield, 


la, 


M, = ka iivek sin, tees 
; iL Va CoCo a 


This is the solution for reciprocity calibration that was 
initially obtained by W.R. Maclean CRef. 4] and 


independently by R.K. Cook (CRef. SJ in 1940. 
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c. Pressure Coupler Reciprocity Calibration 
Finally, for the case of the pressure coupler 
reciprocity calibration, combining equations 1.32 and 1.45 


we obtain, 


Ma —_ CY Va ans Ve Ia 


A ae 


Equation 1.85 


With these pedagogical solutions for the open circuit 
receiving sensitivity complete, we are now able to consider 
the form of the solution shown in equation 1.83 with regard 
to the experimental methods used to obtain the basic 
electrical and physical measurements which, when substituted 


into equation 1.83, ultimately yield Ma. 


Il. EXPERIMENTAL CONSIDERATIONS FOR A 


A. INTRODUCTION 


The form of the equations derived in Chapter I for the 
microphone open circuit voltage receiving sensitivity found 
using the method of plane wave resonant reciprocity was not 
Optimized for experimental implementation. Consider the 
following equations: 
| 

e4 VA 1 Vo Ae h 
Pix = tA Va Po ¥ On 


Eatiacl1ons 2, 1 
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Me= |e Ve Bex Ge 


To reduce the amount of experimental erraox~ introduced by the 
method of the experiment, it 215 useful to consider the 
impact of practical considerations upon the analytical torm 
of aetoiion= ai. Theretore, the following questians will be 
addressed in this chapter: 


i. How can the ratio Va/Vb best be measured to reduce 
experimental error’ 


Ze How can a self consistency check on the experimental 
results be incorporated into the experiment? 


Se Is 1t possible to reduce the number of basic electrical 
measurements experimentally made? 


4. What is the correction required in the experimentally 
obtained value for the open circuit voltage receiving 
sensitivity as aresult of the non-ideal character of 
the compliant microphones used in the experiment? 

Additionally, the experimental measurement of the quality 
factor of the nth resonance can be very difficult to obtain 
with any accuracy. Only with the experiment under computer 
control using a technique such as that developed by OD.V. 
Conte and S&.L. Garrett CRef. 23] or by J.B. Mehl (CReftiieeas 
is this source of error reduced. 

With these considerations in mind, we will proceed 1n 

the development of the equations required to experimentally 
measure the open circuit voltage receiving sensitivity of a 


microphone using the method of absolute plane wave 


reciprocity calibration. 


B. DEVELOPMENT OF THE EXPERIMENTAL PLANE WAVE RECIPROCITY 
EQUATIONS USING CYLINDRICAL GEOMETRY 


1. Experimental Considerations 

When the method to be used in measuring the ratio Va/Vb 
is considered, two basic approaches are possible. In the 
first, the voltage ratio is measured as an experimental 
event unique unto itself. The final result is the ratio 
Va/Vb. The difficulties associated with this experimental 
approach are primarily related to the difficulty to be found 
in the precise repositioning of the microphones on one end 
of the resonant Oe ity to obtain the same reference pressure 
generated by a source at the other end. It is preferable to 
BBsion a “hands-off" experiment that will eliminate the 
introduction of any such re-positioning error and will allow 
computer control of all the experimental measurements 
including those used to determine the quality factor, Q. 
When the reference source is mounted at a third port in the 
wall of the resonant cavity, the "hands-off" experiment is 
possible. However, there already exist two such sources of 
sound within the resonant cavity in the form of the 
reciprocal - transducers mounted at each end. An 
experimentally productive alternative is to mount instead, a 
receiving microphone as a reference in the third port. It 
will be shown that by mounting a reference microphone in the 


wall of the resonant cavity, not only will we be able to 


measure the ratio Va/Vb, but we can also also obtain a 
comparison calibration of the reference microphone and a six 
way round-robin self consistency check of the experimental 
Precision of the calibration for each mode. The 
calibrations of microphone receiving sensitivities $0 
obtained will be as follows: 

Ma - based upon absolute plane wave reciprocity. 

Mb - Based upon absolute plane wave reciprocity. 

Mca - A comparison calibration of the reference 
microphone based upon the absolute reciprocity 
calibration of microphone A. 

Mcb - A comparison calibration of the reference 
microphone based upon the absolute reciprocity 
calibration of microphone B. 

Mab - A comparison calibration of microphone A based 
upon the absolute reciprocity calibration of 
microphone B. 

Mba - A comparison calibration of microphone B based upon 
the absolute reciprocity calibration of microphone A.. 

The modifications required for equations 2.1 which yield 
an analytical solution for resonant plane wave reciprocity 
sensitivity calibrations and which use a reference receiver 
mounted in the wall of the resonant cavity will now be 
derived. 

When the development of the four port acoustical 


reciprocity network is expanded to include the comparison 


microphone mounted in the side of the cylinder, some 


Pipes | 


modifications to the analytical development for the solution 


Of Ma are necessary. Consider figure 2.1 below. 





Figure 2.1 Modified four port network. 


The relationships between the receiving and transmitting 
sensitivities for the two reciprocal microphones mounted on 


the ends can still be represented as before, 


A= Sn a 
Mea = Ys82 


Equations 2.2 


To obtain a comparison between transducer "A" and transducer 
"B" with the geometry shown above, it is necessary to relate 


the pressure at the face of microphone "C" to the pressure 


at each end. Thus, when "A" 1s transmitting, 





Y= Mes 


Fon Equat 1 Ome 


and when "B" 1s transmitting, 


Vee 
Pep 





Mc = 


Equat 1 Orie 


At a longitudinal plane wave resonance, the rms accuse 
pressure at the right end of the cavity can be related to 
the rms pressure "felt" By the comparison microphone, WES e a 
pressure standing wave correction factor, Gtind, which 
depends upon the frequency of the plane waves resonance, and 


tne position oft the comparison microphone in the tube. 


=: 
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The pressure standing wave correction f Aet Om, is | sie i 


obtained oy spatially averaging the Longitudinal Yeriatioans 


- 86 - 


in acoustic pressure at a plane wave resonance over the face 
of the reference ‘microphone assuming the microphone 
sensitivity is independent of position over the face. 

It is worth noting that even though the comparison 
calibration of the microphone "C" sensitivity obtained with 
the previous assumption may be in error, this assumption has 
no effect upon the measurement of the absolute sensitivity 


of microphones "A" and "B". Refer to figure 2.2. 


fal Ya 
[P3) SLs) = = cos (“|| (H) ~(x- baal dX Equation 2.64 


microphone 
dX diaphragm 





(longitudinal axis) 
(of plane wave resonator) 
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In the figure above, the curvature of the sides is not 
involved since the _ spatial variation of the acoustic 
pressure occurs) only in the longitudinal direction at a 


plane wave resonance. 





The side wall mounts in the "long" tube were unused in 
the final experimental measurements since there was room to 
mount the Knowles subminiature transducers in the ends 


alongside the one inch condenser microphones. The side wall 
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mounts in the above photograph are entirely functional and 
were used in preliminary experiments using electret and 
dynamic microphones. In the "short" tube, the side wall 
mounts were necessary when a 1/2 inch microphone was used as 
the comparison microphone. 

To evaluate the relationship between the pressures at 
the two ends of the resonant cavity consider the general 
solution for standing plane waves ina cylinder driven at 
the left end at X=0 by transducer "A", with mechanical 
impedance Zma, and terminated at the right end at X=L by 
transducer "B", with mechanical impedance Zmb. The acoustic 
pressure in the cylindrical cavity can be represented as the 
superposition of a left going wave and aright going wave 


and will then be of the form, 


j(wt + R[L-x]) : (wt - k[-*) ) 
P(xt) = Ae oe 


POUAETOR. 2. 7 
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Referring to figure 2.3 above, when microphone 


as the source, the ratio of the pressure 


the pressure at X=L, (P3), will be, 
7 y RL -jRL 
Pa Ae eS) 
P23, 7 A + B 





Since the force on the termination 15 
cross sectional area and the particle 


acoustic wave is given by, 


at 


pee 
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is 


(Pay 


Used 


rte 


Equat 1! Onis 


pressure 


speed 


a 8) 


times 


a 


the 


plane 


| af Chia: 
A= mA OX Equaticn 2.9 


We can use the definition for mechanical impedance to solve 
for the ratio of A/B in equation 2.8. For the microphone 
mounted in arigid end, the mechanical impedance will be in 


general, 


at orce APPLIED 
See oe Dae 
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Sagech Upom substitution of equations 2.7 and 2.9 into 


equation 2.10 at X = L, becomes, 


A +B 
GUase: ait 
A (3 
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Where Ab is the cross sectional area Of microphone FE. 


Solving for the ratio A/B we obtain, 


A ma =e p, g Ae 
B Zinn @ as fC. Ag 
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Substituting inte the equation for F2 /FPS we ebecaia 


r 
T2 = ens (KL) +4 CCAS | sin (AU) 
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Equatl Ofmiaana= 


Where P2' is the pressure at XK=0, and FP3 1s the pressure at 
x=L when transducer "A" 15 transmitting. With a similar but 
symmetrical development with transducer "BEB" transmitting we 


obtain, 


Equation 2.14 


PS eos (kL) + Cola Siw (eb) 


mk 


Where Pa’ is the pressure at the right end and Fz is tne 
pressure at the left end when transducer “Ee 1S 
transmitting. Considering the previous sketch of the two 
different situations, the open circuit receiving sensitivity 


for microphone C can be found in each case, 


Ci 


_ Va . 
Me ~ Pen Pee =quatien aa 
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When the standing wave scale factor is used to express the 
pressure at the offset comparison microphone as a function 


of the pressure at the end for both values of Mc, we have, 


Ven Vex 
P23 Gil) pa” Gh () 


Equation 2.16 








Solving for the pressure ratio as a function of wavenumber, 


P3 = Va COS (Art) + | Gt Aa Sin (Rt) Equation 2.17 
fa Vee : 


tA A 


This pressure ratio will allow the ratio Ma/Mb to be 
expressed in terms of voltage ratios alone, provided the 
term in the brackets 1n equation 2.17 1S equal to unity. L+ 
KL is equal to some multiple of pi, as it 15S with perfectly 
rigid ends, then this assertion 1S correct. Experimentally, 
the BeViaticn of the value of KL from an exact multiple of 
piis determined at a plane wave resonance by examining the 
harmonicity of the modal resonances in the plane wave 


resonant cavity. [See Appendix A.J] If they are multiples of 
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the fundamental then KL will be a multiple of pi with 
sin(KlL)=0O and cos(KL)=(+-)1. From the theory shown in 
Appendix A., the values of KL at resonance are exact 
multiples of pi only in the case of a perfectly rigid 
boundary or in the limit when the frequency goes to 
infinity. When the fundamental of the highest plane wave 
resonant frequency measured was calculated and compared to 
the lowest plane wave resonant frequency, the ratio so found 
was an estimate of how close the worst case KL came to being 
an exact multiple of pi. As shown in Appendix A., the worst 
case occurred as expected at the lowest plane wave 
resonance. In this worst case, the value of KL was measured 
as .9927*pi, to four significant figures. Since the voltage 
ratio used in equation 2.18 comes in under the square rocot 
in the calculation for microphone sensitivity, the value of 
unity for cos(KL) will introduce an approximate .001 db re 1 
V/ubar worst case ercor. Since other experimental 
uncertainties will be shown to be larger than this value by 
at least one order of magnitude, equation 2.17 will be used 


in the form shown below. 


FD. ile 
P2..—s«CVcw 


Equation 2a 
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Now the ratio of Ma/Mb becomes, 


Ma e4\/ P3\ - = (5) (Vex) 
a (a\(E e+ Vier ' Equation 2.19 


Me 


Combining Equations 2.2 and 2.19 we obtain for the square of 


Ma, 


Ma =|M,( Tie Sa J Equation 2.20 


When the definitions for Sa and Mb are substituted into 


equation 2.20 and we solve for Ma, we obtain, 


‘7 
A 
M a ¢4 Ven 3 | 
N — i4 Veg Equation 2.21 


Similarly, 


Ya 


M = a Vea ay Equation 2.22 
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By using the reciprocity relationship; e414 = elil, we Can 


eliminate the requirement to experimentally measure 14, 


| 
e+\ ( e+) /Vea\ + /9, 
Me = eft UL] \ Vea Equation 2.22 


Having considered the practical consequences and 
experimental advantages of the method chosen to measure 
Va/Vb, the consequences of a compliant microphone with 
regard to the calculation of the voltage ratio representing 
Ma/Mb, and having just reduced the number of basic 
electrical measurements required by one, consideration must 
now be given to the experimental determination of the 
GEGlproclty  t actor. “ve Consider the form of the acoustic 


transfer admittance derived in Chapter 1. 


as = ve Vo aie 
ie Y Qw Equation 2.24 


The temperature, pressure and density of the medium within 


the resonant cavity were found to vary over the duration ot 


= ate — 





the experiment. Since the reciprocity factor "J" represents 
the acoustical transfer admittance of the medium within the 
resonant cavity during the measurement of parameters used to 
calculate a plane wave resonance reciprocity calibration, 
some modification in the value used for "J" must be made to 
properly account for medium changes. When ate 1s 


transmitting this becomes, 


nm 7 VW Veo ane 
p2 os P» y Q ar ar Equation 2.25 





Where the subscripts "ATBR" stand for "A transmitting and 6 


receiving”. When "B" 1s transmitting we obtain, 
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<r Vo tn 
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Where the subscripts "BTAR"” stand for "B transmitting and A 
receiving”. -Now Equations 2.21 and 2.25 are used to oabtain 


the open circuit receiving sensitivity for transducer "A". 


- | 
e4 VcCA ay V0 Le fa 
Ma a ae Vice, Oo y QaTer Equation 2. 
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Similarly, equations 2.23 and 2.26 are used toa obtain the 


open circuit receiving sensitivity for transducer "B", 


Va 
Ee quat 1 Ones 


Maz C4 €4 Vea Tr Vo +r 
e4 (4 Vea &> y Qatar 


Equations 2.27 and 2.28 are the solutions we set out ¢to 
obtain for a plane wave reciprocity calibration which uses a 
reference microphone mounted in a third port in the resonant 
cavity. 

It 1S experimentally significant that the solutions for 
Ma and Mb using the method of plane wave reciprocity appear 
tao be independent of the position used Tor the mounting at 
the reference microphone within the resonant cavity wnen in 
fact they are not. This 1S because 1t 1S possible to select 
a location for the reference microphone in the wal! of tne 
plane wave resonant Gavnrty that will cause large 
experimental errors to occur in the solutions for Ma and Mb. 
Addi cones the error in the absolute calibration will 
cause any comparison calibration made in situ and based upon 
the absolute reciprocity calibration to be 1n error as 


well. These sources of potential error and the solutions 


devised to avoid them will be discussed if ene mexe 


section. 


2. Iwo Comparison Calibrations for Microphone _"C" 

The need for a Sys way round-robin rn situ experimental 
check on the precision of each modal calibration requires 
careful consideration of the experimental methods and 
calculations used to obtain any calibrations of the 
reference microphone. From an analytical point of view, two 
comparison calibrations of the reference microphone can be 
obtained that are based upon the absolute reciprocity 
solutions for Ma and wise Combining the reciprocity 
calibration obtained for Ma, the definition of Mc, and the 


pressure standing wave correction factor, we obtain Mc as a 


function of Ma and refer to this calibration as Mca. 


Mex = ta Rey 


Gare) Equation 2.29 


Similarly, using the reciprocity calibration for Mb we 


obtain, 


VV, Vea 
M ep = (2) GA (x) Equation 2.30 
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The difference in these two values for Mc iS a measure of 
the experimental B, amnreen obtained. 

With regard to the reference microphone, two different 
sizes and positions were used at different times. The first 
reference microphone was a BE&K type 4134 condenser 
microphone which had a 1/2 inch diameter while the second 
was a Knowles subminiature transducer type BT-1751 with an 
outside diameter of.055 inches. In separate configurations, 
both were used initially in the side of the cylindrical 
resonant cavity. The final configuration used the type 
BT-1751 mounted adjacent to the one inch WE4640AA. This 
position was used in the larger cavity where the cavity 
inner diameter was sufficiently large to accomodate both 
microphones in the end cap. Experimental considerations 
yield two pragmatic reasons for selecting the end mounting 
in preference to the side mounting. When the cylindrical 
Dlane wave resonant cavity is driven at a longitudinal 
resonance, the standing waves within such a cavity, (when 
the ends are ~* rigid) will vary as cos(Kx), where x gives 
the longitudinal position, K equals n*pi/L, n is the mode 
number, and tL is the length of the cylindrical cavity. At 
the fundamental mode, there will exist an acoustic standing 
wave pressure node at x = L/2. When higher modal resonances 
occur, there will be "n" nodes found along the’ longitudinal 


axis of the tube. If the location of the reference 


— Eloy t= 


microphone is at one of these pressure nodes, then no 
comparison voleages representing Ha/Hb can be obtained for 
that frequency. Additionally, if the microphone is mounted 
in the end, Gi(n) becomes identically one, otherwise, there 
is a finite error associated with the calculation of G1(n) 
for any reference microphone position. While the end 
mounting removes the problem of finding a node at the 
reference microphone’s position and the inaccuracies 
associated with computing Gl(n), an additional but removable 
problem arises. The placement of the refererce microphone 
in the end of the cavity next to one of the reciprocal 
microphones will cause a decrease in the acoustical 
impedance at that end. For a given source strength, this 
will result in a decrease in the signal amplitude for the 
larger microphone. This situation will appear to yield a 
lower sensitivity calibration for the reciprocal microphone 
than that obtained in the absence of the immediate presence 
of the reference microphone. If the reciprocity calibration 
on which the comparison calibration is based is taken from 
the microphone mounted separately, this potential error is 
avoided. 

An estimate of the magnitude of this effect can be made 
by comparing the volume velocity in this problem to the 
analogous current in an electrical circuit. Because the 


transverse dimensions in the end are much less than a 
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wavelength, the lumped parameter analogy to the electrical 
Circuit is possible. When the reciprocal microphone is 
alone in one end, mounted in the rigid supporting wall, then 
the volume velocity through the plane of this end occurs 
only as a result of the motion of the diaphragm of this 
microphone. This is analogous to a current source providing 
all its output to a single impedance placed across its 
output terminals. When the additional reference microphone 
"C" is introduced adjacent to the reciprocal microphone "B", 
the situation is analogous to the electrical current source 
‘having a second impedance placed in parallel across’ the 
first. When this is) done, by current division, the 
magnitude of the current through the first impedance is 
reduced. Referring to equation 1.35, 1t 1s seen that the 
Open circuit signal voltage is directly proportional to the 
volume velocity of the microphone. Since the magnitude of 
the signal voltage is one of the measured electrical 
parameters used in the calculation of Mb, the value so 
obtained for Mb is) lower than that obtained when only 
microphone "B" is mounted in the end. Since the change in 
the calculated microphone sensitivity is found to be 
Proportional to the change in the acoustical impedance in 
the end of the cavity, the relative change in acoustic 
impedance is used to approximate the relative change in the 


calculated microphone sensitivity. 


=n tOS = 


Zeoea 
Az Ze —~ Za+ Ze _ AM 


= = = Equation 2am 
Ze M 
If the assumption of rigid walls is correct and if there are 
no leaks in the mountings used for the microphones, and if 
the transverse dimensions of the microphones are much less 
than a wavelength, then the solution above is’ valid. To 
obtain an estimate of the magnitude of the relative change 
in sensitivity, consider the following:- Since both 
transducers are operating well below their respective 
mechanical resonances, they are both operating in the 
stiffness control region. The stiffness of the volun of 
the Knowles subminiature transducer is modeled as that of a 
small Helmholtz resonator (CRef. tis p.226], ane the 
stiffness of a W.E.4S40AA condenser microphone is well known 
in published literature CRef. Sin fii o2J]. When the 
mechanical impedance found using the stiffness 1s divided by 
the square of the cross sectional areas, the resulting 
acoustical impedances can be substituted into equation 2.31 


to yleld, 


Am 


V/s (Kno wf) 
— Equation Zaa2 


ae 
R (Yom) = t 
Vo (KNowles) 





nd 


AM 
M 
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Since the volume within the Knowles subminiature microphone 
has roughly the same dimensions as the neck of the Knowles 
subminiature type BT-1751 transducer which is cylindrical in 
shape with a meck diameter of 1.4mm and a neck length of 
1.57mm, and the acoustic impedance of a W.E.640AA condenser 
microphone is “1.464E+12 NM*-S (the stiffness of the 640AA) 
divided by the angular frequency, CRef. 5: B.o2) 
substitution into equation 2.32 using a density of 1.21 


kg/M*3 and a sound speed of 343 m/s yields, 


AM 
M 





= Oy OAF Batiation 2.33 


This corresponds to an expected decrease of 0.24 db re 
iv/ubar in the calculated microphone Se Sore Peuee when 
microphone "C" is mounted alongside. Experimentally, a 
decrease of 0.22 (+-)0.10 db re ilv/ubar was obtained by 
comparing the first ten plane wave reciprocity modal 
calibrations for W.E. S40AA serial#815 with and without the 
Knowles type BT-1751 subminiature reference transducer 
mounted alongside. With this observed change, care must be 


made in the comparison calculations for Mc, to use only the 
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reciprocity calibrations obtained where the reciprocal 





microphone 1S mounted alone. The next two photographs show 
the relative sizes of the microphones involved in the | 


Calibration experiment. 


W.E.640AA 
microphone 
diaphragm 


Knowles BT-1751 
microphone 
diaphragm 





Photograph 2.2 The relative sizes of the Knowles 
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In the photograph above, the relative position of the 
small Knowles subminiature transducer is approximately at 
the "three o’clock" position relative to the one inch 
WES40AA condenser microphone. The end mount shown here was 
intended for use only in the larger (‘70 cm) plane wave 
resonant cavity. The inner diameter of the smaller (°*23 cm) 
plane wave cavity did not allow sufficient room for both to 


be mounted in the same end. AS previously described, the 





acoustic impedance in the end of the resonant cavity is 


slightly changed when the subminiature transducer is 


included alongside the larger one inch condenser 
microphone. 





In this photograph, the previous end mounting is removed 


and the microphone casings and diaphragms are visable. The 
subminiature transducer’s FET preamplifier (inherent to the 
"type BT-175i"as obtained from the manufacturer) is in the 
extended case behind the neck and opening leading to the 


diaphragm. It is this portion that was previously modeled 
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as a small Helmholtz resonator to estimate the change in 
acoustic impedance ae tne end. 

To complete the data required for a six way round robin 
check on the experimental precision for each modal 
calibration, we will next consider the comparison 
calibration of each reciprocal microphone based upon the 
absolute reciprocity calibrations already obtained for Ma 


and Mb. 


=-. 1087-— 


In order to complete the six way round robin comparison 
check on the experimental precision, comparison calibrations 
of the reciprocal microphones based upon each other are 
needed for each modal calibration. Refer to Equation 2.18, 
which gives the ratio Ma/Mb. Solving in turn for each open 


Circuit receiving sensitivity we obtain, 
M eC | Ver ) 
Plas - b eA. Vcr | Equation 2.34 


and, 





ee a ec 
Bien = Ma oa VCR Equation 2.35 


¢ 


The apparent change in sensitivity for microphone "B”" 
resulting from the change in acoustical impedance at the end 
containing both microphones as described in the previous 
section, will not adversely effect the round robin precision 
Of an individual modal calibration. The values of Mba and 


Mab shown above are still based upon e4, the measured signal 
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voltage of microphone "B". As such, the value for Mba will 
still be the "same" as that found for Mb. Similarly, Mab 
will be the "same" as Ma since while the apparent value of 
Mb goes down as a result of the change in the acoustical 
impedance, the ratio of el/e4 will go up ae proportionate 
amount. The relative precision of the experiment is 
determined by computing either (Ma-Mab) / (Ma+Mab) , 
(Mb-Mba) / (Mb+Mba), or (Mca-Mcb) / (Mca+Mcb). All three 
computations result in the same value of ene experimental 
precision. 

While the equations developed for Ma, Mb, Mca, Mcb, Mab 
and Mba will allow a six way round robin consistency check 
of the experimental precision for each modal plane wave 
resonance, there remains one simplifying assumption upon 
which these equations are based, that remains to be 
discussed. This is the assumption, necessary for the 
solution for "J" given in Chapter I, that the microphones 
used "feel HOcaer EsaeG pressure". When the solution for 
"J" is modified to account for a microphone with a finite 
mechanical impedance, a correction to the solutions for Ma 
and Mb is required. This is the subject of the next 


section. 
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When the acoustic transfer admittance that is used in 
the reciprocity calibration was derived in chapter 1, the 
derivation was unique to a microphone that felt no Impressed 
pressure. The assumption of "zero pressure sensitivity" was 
then incorporated in equations 1.34. This was the same as 
saying that the mechanical impedance of the microphone was 
infinite. However, real microphones have a finite 
mechanical impedance and the effect of this finite impedance 
upon the reciprocity calibration must be considered. Refer 
to figure 2.4 for an illustration of two different but 
reciprocal condenser microphones mounteqd in the ends of a 


plane wave resonant cavity. 





a 
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Referring to Equations 1.17, with interpretation ora 
coefficients as shown by Beranek (CRef.9:p.117] for the 
general case of both acoustical and electrical excitation, 


we can write for each reciprocal microphone, 
VA _ (zi Nin) ve (bia) ACTING . 
: (UC 
py’ = (b) (4) + (222) (U2) a 


e4 = (20) + (b) (03) pag Equations 2.36 
pr= (bo) + (22a) (2) 


\ 


Where: Z1i2 = Z21 = b, the transduction coefficient. 
Vi = voltage across the transducer’s electrical 
terminals when the transducer 1S used asa 
speaker. 


Ti = current flowing in the transducer when it 1¢ 
used as a speaker. 
ae — pressure at the speaker end of the resonant 


cavity when the driving frequency 15 at a 
Longitudinal resonance. 





ei = open circuit receiving voltage. 
P2 = acoustic pressure at face of receiving 
microphone. 

U2 = volume velocity of speaker. 

U2’ = volume velocity of microphone. 

Zi1l = blocked electrical impedance pilus the electrical 
load (or generator) impedance. 

Z22 = the open circuit acoustical impedance plus 
acoustic radiation impedance as seen at acoustic 
oort FZ. 


Dividing the third and fourth equations, we optain for Ma, 


a 


Ma = = Equat1 On aes 


= 1 Za 


Solving the second equation in equations 2.236 for 11, 


p2/— (29a) 0a 


bs EQuati an 2. 
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Substituting this value for il into the definition for Sa we 


obtain, 


S. = WS. 3 ; 
fr VA (e3" - (23.2) wa) / b EStiat i One so7 





We now define the previously derived transfer admittance for 


the longitudinally resonant plane wave cavity to be, 


a]. _wvede 
eS So Xe Qn 


Batacion 2.40) 


Jo 


Where "n" 1s the mode number of the longitudinal resonance. 
Since, J equals Ma/Sa and at resonance within the olane wave 


resonant cavity, F2° and FS are equal in magnitude, equatian 


= 1235-- 


2-57 can be substituted into equation 1.29 and reduced 
4 
| PQ 
: Zoo rs 
_. (a2) . 
J = z = Equation 2am 
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The first part of the above equation for the reciprocity 
factor "J", 1s the transfer impedance as derived in chapter 
one. Note however, that the assumption of a "rigid" ideal 
microphone is the same as stating that Z22 15 infinite. In 
this ideal case, the correction term goes to zera without 
the assumption that P2% is necessarily zero. In fact, ina 
plane wave resonmant cavity, aS Ppreviousiy shown in equatian 
2-13, this 15 not the case. With a finite impedance, i1t 
remains to be shown that the correction term multiplying 
(-U2/F3) is small. To do so requires the determination oft 
the value af Z22 as shown 1n the canonical equatians when 
the reciprocal microphane is terminated with ah Bees 
plane wave resonator. 

The normal acoustic impedance (Z22) is shown dy Feraner 
CRef.9:p.117] for the general case of Simultaneous electric 
and acoustic excitation, aS being equal to the sum cf the 
OPen? Gireulrt- mnernal acoustic aimpedance and the acoustic 
radiation impedance. In the case of plane wave resonant 


reciprocity, the resonant acoustic cavity can be shown to de 
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"loading" the faces of the microphones mounted at each end. 
This impedance load for the transducer attached to a plane 


wave tube is given by CRef. 11: p.2011: 


StmMmub + ° + NJ RL) 
Zmo = foC Ar " ' ( 
(,¢Ar + ) Zme AN (Row 
i re (hL) 





Equation 2.42 








where, 


zmo = mechanical impedance of the tube seen at K=9 

in the plane wave resonant cavity. 

mechanical impedance at the X=L termination. 

Gas density 

sound speed 

wavenumber Cw/c] 

complex wavenumber Ck - jal 

a absorption coefficient 

L = length along the longitudinal axis of the 
resonator. 

At = cross sectional area of tube & diaphragm. 


nN 

3 

— 
il 


VK now 
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If the cavity 1s a multiple of a half wavelength and is 


made to resonate longitudinally, the value of kL has been 


shown (appendix A.) to be an i1ntegral MilLti phe e+ Bae, 
Additionally, if there 1s a low loss Cerisein 3 aGOous tins 
system so that hyperbolic sine and cosine are well 
represented by the first term in a series expansion, tnen 


the mechanical impedance looking into the resonant tube 15 
approximately equal to the mechanical impedance found at the 


opposite end. 
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When this load impedance is added to the open circuit 
mechanical impedance of the microphone and then expressed in 


terms of acoustical impedances, we have for Z22: 


A= LZ, (x=0) aE ZA (x=) Equation 2.44 


When this interpretation of 222 15 combined with the results 


shown in equation 2.13, equation 2.41 15 reduced to: 


pyre ao 1 - ZI 0 Equation 2a 


in 5 


The quantity “Ci/(Z22*IJ0I FT” Is the ratio of the “here 
acoustic admittance of the microphone at acoustic port #2 ta 
the aceaustic transfer admittance oat the medium' When 
equation 2.435 1s compared with equation 2.40, we see that 


the finite acoustic impedance of the transducer results 19 a 


cee es 


change in microphone sensitivity as compared to that 
expected for a perfectly rigid termination. ieee MAG 2s 
used to identify the magnitude of the open circuit receiving 


sensitivity calculated using equation 2.27, we have: 
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Eetation 2.46 





It 15 important to consider the acoustic system as a 
whole when the value of Z22 1s determined. The following 
considerations are in addition to those previously presented 
where the diaphragm area is equal to the tube area. 

When equations 2.56 were employed to determine the 
impressed pressure correction, the four port network used as 
the system model, required Z22 (or J22) to be associated 
with acoustic port #2. This means that the influence on Z22 
of the difference in the cross section area of the tube and 
the area of the microphone diaphragm must also be 
considered. This difference in areas will act as an 
acoustic transformer and will serve to increase the acoustic 
impedance of that port over that which would occur if tne 
tube and diaphragm areas were the same (Ref.9:p.1251]. Tne 
multiplicative correction to Zmic that accounts for this 


increase in acoustic impedance at the end is the ratio af 


a) Wy a 


the tube area to the diaphragm area. Consider the sequence 


of acoustic terminations shown in the next tigure: 
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Figure 2.5 Different terminations for _the op 
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wave tubes. 


In the tirst tube, the area of the tube matches tne area 
of the diaphragm. The acoustic impedance at the end of this 
tube 1s simply the acoustic impedance of tie microphone. In 
the bottom tube, the majority of the end i385 a rigid wall. 
In this case, the limit of the acoustic impedance tands to 
infinity as the area of the large tube becomes much jreater 


than the area of the diaphragm. While an erper.ment witna 


=e 


es = a eee ee 





either the first or last situation is possible, it is the 
termination shown Pewee famthat is Of Ppraqg@ereal interest 
in the plane wave resonant Cavities used ie this 
experiment. To illustrate the influence of the different 
terminations, the definition of mechanical iumpedance 15 


applied to the acoustic port at the end of the tube, 


S faa 
END Few Ay 


— eased 


Zn (eva) = ar ave 


Equation 2.47 





where: zm = mechanical impedance of the acoustic 
port at the end of the tube. 


Fend = acoustic pressure at the end of the tube. 
u = the resulting speed. 
At = cross section area at the end of the tube. 


Since the only resulting speed at port #2 15 that of the 
microphone diaphragm, and rewriting equation 2.47 1n terms. 
of the acoustre impedance of the microphone, we have: 
PEND Ad Ar 

“A Ad At 
ZA = = = Za Ad Equation 2.48 
(End) Ad (nic\ 








where, Ad = cross section area of the diaphragm. 
Za acoustic impedance. 
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When the effects of the acoustic transformer action due ta 
the different Breast (Beranek [CRef.9:p.125] and equation 
2.48) and the loading due to longitudinal resonance 
(equation 2.43) are included in the value of Z223; = and 
provided that the "non-diaphragm" areas in the ends are 


approximately rigid, then: 


. i. 
z — \ 4 a 
Zan =_ aoe Acla (mic) Ad ; Equati Om (2a 


It 15s this form of the value of Z22 that must be used in the 
computed correction to Mao. To illustrate the magnitude of 
this correction, assume for simplicity that both microphones 
are identical and that the cross section area of the tube 15 
equal to the diaphragm area. With these simplifying 


assumptions, 


_& 
WW 


“A = 


Equation 2ase 


Zax = aj Rmerale™ 


Where the subscript "“a" refers to the lumped acoustica: 
Parameters associated with the microphone being considered. 


Re 


Tf the acoustical impedance of a microphone 15 known for the 
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frequency range of interest, J22 = 1/222 can be calculated 


and the value of J22/Jo0 can be determined. 


When the various reciprocity factors representing the 


different experimental 


apparent 


geometries are examined, it is 


that the magnitude of the impressed pressure 


correction will be different. Refer to equations 2.51 


below. 


To 
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Equations 2.51 


be used fOr a rough numerical 


comparison are given below: 


Ra 


Ma 
Ka 
PO 
te 
#n 
= 
te 
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Vo 
Vo 


It 


Sova t7  NSect =S 


4.77E+2 KQgM*-4 
Peeseti 2 NMS 
101330 pa 

Ae | 
2450 Hz 

343 M/sec 

e200 - .40 M 
ere) 


ees7aeb=4 0M~s 
S2oes/- MS 


CaGOuUstter resistance, (Ref .3: o..:S2) 
W.E.640AA) 

(acoustic mass CRS cee Oe te =) 
(average acoustic stiffness Csame refi) 
(“atmospheric pressure) 

(ratio of specific heats(Ref 25]) 
(10th modal resonance in long tube) 
(phase speed in unbounded medium) 
(separation distances for free field) 
(QUality factor for 70 cm plane wave 
resonant cavity) 

(volume of plane wave resonant cavity,) 
(volume of pressure coupler ({Fef. cf: 
hen) Wes, 
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The case of the pressure coupler 1S Similar to that of the 
plane wave resonant cavity. In the first Case, duce tomar 
small dimensions of the cavity, KL‘*O, whereas in the plane 
wave resonant cavity KL ~*~ N¥pi. In the case of the free 
field calibration, the correction must use a different value 
for 1/222. Substituting the appropriate values into equation 


2-46 yields: 


bey Pressure Cougler 
mS, (KL - Oj ¢ 


Ma 


= § A 49 Plane wre fesowator 
Mao : (KL= NT) 


Equations 2a. 


FCEE Sele 


> ee ( vamably Ke) 


As expected, these quantitatively different results simply 
reflect the fact that the effect of the compliance of tre 
acoustic system is the greatest in the small pressure 
GOupler CGavity, least i1n the free field geometry, and 
somewhere in between in the larger plane wave resonant 
Cavity geometry. These fractional compliance correctians, 
.f ignored, correspond to microphone sensitivity changes of 


~ =.45, ~ -.10, and * —.0001 ¢db re 1V/UBbaR eG e=peee aa 
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Since the parameter values used to obtain this 
comparison are only approximate, a different method of 
computing "J22/Jo" will now be used in the case of a plane 
wave resonant cavity to obtain a further comparison. 

Consider the analytical form of the transduction 
coefficient found in the literature for an condenser 
microphone when the open circuit mechanical impedance of the 
microphone is so much greater than the radiation apatanse 


that the radiation impedance is negligable (Ref. 11: p3sol: 


. - Case 


sar f, e ene Equation 2.53 


Where: Co microphone capacitance. 


Eo = condenser microphone bias voltage. 
fm = modal frequency of resonance. 
Go = permittivity of free space. 
Ae = the effective backplate area of the 
condenser microphone. 
and Ad = the diaphragm area of the microphone. 


If we can include the influence of the acoustic load due to 
the plane wave resonant cavity in the above solution for the 
electroacoustic transduction coefficient, we can use the 
previous equation determined for "Jo" to obtain an 


analytical form for the ratio “1/Z22*Jo". 


eS = 


With constant environmental conditions (atmospheric 
pressure, temperature, humidity, and density) the absolute 
pressure sensitivity under Open circuit electrical 
conditions Is a property of the agicrophone CRefs. 3 and 29]. 
Under the free field conditions that result in the value for 
“b" shown above, the value of Z22 used in equation 2.37 is 
the open circuit acoustic impedance of the microphone. For 
identical microphones at each end of the plane wave resonant 
Cavity, the invariance of Ma require a C2*At/Ad] 
multiplicative correction to equation 2.53 to cancel a 
similar increase to the open circuit acoustic impedance as 
shown in equation 2.49. When this is done, the value of Ma 
calculated in equation 2.57 remains the same. The magnitude 


of the ratio "1/Z22*Jo" becomes: 


4+ _ Ma Bo Ye Echo ha Qn 
Ee Ax Co E, Vo 


Equation 2.54 


Since the quantities involved in equation 2.54 are known or 
can be experimentally measured, an estimate of the magnitude 
of this ratio and its effect upon the value computed for Ma 


can be made. 
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Given: Ae * 1.296 E-4 M2 (effective backplate area for a 
W.E.540AA obtained from engineering drawings) 
(See the above figure.) 

2.093 E-4° M2 

101330 Pa. 

Bee 12. 

200 V.D.C. bias voltage. 

8.85E-12 F/M (permittivity of free space) 
1.39 (ratio of specific heats(CRef. 25]) 

-0355 V/Pa (-49 db re 1 v/ubar 1 khz) 
6.498E-4 M*3 (volume of long tube) 

165 in the "long" cylinder (freq of 2450 hz.) 


Ad 
Fo 
Co 
Eo 


3e 
Ma 
Vo 
Qn 


fn 
6 
P22 222222 
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When the ratio "J22/Jo" is now calculated for the _ long 
tube and substituted into Equation 2.46, we obtain 
essentially the same result as calculated previously (~ 1 *% 


relative change). 





Mi = O- 4 oe Plawe Wave Equation 2.55 
Mo (LES ONATO a(AL= io) 


These different impressed pressure corrections may be 


Significant if calibration accuracies to within (+-) * 0.5 


db re 1V/ubar or better are desired. A more careful 
comparison between experimental results obtained using 
different cylindrical dimensions for the plane wave 


resonator will be discussed in the chapter on experimental 
corrections. In these discussions the ratio of areas given 


by At/Ad will be included in the calculation of 222. 
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III. EXPERIMENTAL PROCEDURES 


A. INTRODUCTION 


The experimental procedures and equipment required for 
two different methods of absolute reciprocity calibration of 
microphones are presented in this chapter. The method of 
Primary interest was the plane wave resonant reciprocity 
calibration. The secondary free field comparison 
calibration, when corrected for diffraction CRef. 3: p.3lij, 
was used as a low frequency consistency check for the 
results of the primary method. 

The separate BAe adds built for these two methods are 
described first. The resonant reciprocity part oat. the 
experiment used two different right circular cylindrical 
cavities to obtain a self consistency check on the 
associated plane wave resonant reciprocity caliodrations. 
The free field calibration used a microphone translatcr that 
operated under computer control. Both methods used 
commercial electronics equipment which will be described in 
the appropriate section. 

Following the description of the apparatus, the 
procedures and signalflow are presented for both calibdration 


methods. Both a plane wave resonant reciprocity calibratian 


Se OF oe 


of a laboratory standard type W.E.640AA condenser microphone 
and a standard free field reciprocity calibration for an 
electrodynamic microphone are described. The free field 
reciprocity calibration of the electrodynamic microphone in 
turn yielded a comparison calibration of the previously 
calibrated W.E.640AA condenser microphone. 

The basic experimental parameters obtained from 
measurements which occur in the experiment are; voltage, 
current, resistance, frequency, Capacitance, temperature, 
length, barometric pressure, and relative humidity. The 
uncertainties i1n experimentally measured electrical and 
physical parameters are presented in an error analysis of 
these fundamental measurements. The propagation cof error 1n 
the computed microphone open circuit voltage receiving 


sensitivity is then made resulting in an estimate of 


probable error. in: acgGgi tion: the experimental methods used 
to cetermine the system Linearity, voltage transfer 
Fumction(s), and the stability oF difrerent v-Cl Sage 


amplifiers will be explained. E:perimental procedures whicn 
result in a reduction of systematic error will be discussed 
whenever applicable. The final results for probadle error 


will be summarized in the last section of this chapter. 
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B. EXPERIMENTAL APPARATUS 


1. Plane Wave Resonant Cavities 

Two differently dimensioned plane wave resonant cavities 
were built to measure the self consistency in. the rsethod of 
plane wave resonant reciprocity calibration. Since the 
calibrations occurred at frequencies corresponding to 
longitudinal resonances, the first cavity was made one third 
the length of the second. Thus, the frequency of every 
third longitudinal resonance in the “long” tube matched the 
frequency of a longitudinal resonance in the "short" tube. 

For each plane wave resonant calibration, three 
microphones were required. In the final calibration 
configuration, only two different size microphones were 
used, although each right circular cylindrical cavity was 
made of brass with ports constructed for the mounting of 
three different sizes of microphones. Two, one inch 
diameter reciprocal W.E.4640AA condenser microphones were 
mounted in the opposite ends of the cavity while a one 
eighteenth inch (1.41 mm) diameter comparison microphone was 
mounted in one end (for the long tube) or in the side of the 
cylinder wall (for the short tube). The comparison 
microphone was a Knowles type BT-1751 subminature transducer 


which had a small preamplifier built into the transducer 


- 129 - 


case. These brass tubes and the mounting ports for the 


various microphones are shown in the following photographs. 





Photograph 3.1 The 70.12 cm brass tube used as a 


In this photograph, the left mount for the WEd40AA 
microphone is dismantled and is shown in front of the tube. 
The tube itself is placed upon two wooden supports used for 
stability on the lab table. The rubber O-ring seal i1s 
easily seen in the dismantled mount and was provided for 
eventual calibrations in different gas media. The small 


Pipe inlet in the center of the tube is intended for the 
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introduction of these different gases into the cavity. 
Since this capability was not employed in this experiment, 
the small hole intended as a gasport at the base of the 
center inlet pipe (radius * .0004 meters) served only toa 
increase the acoustic losses during resonance measurements. 
The large ports for the 1/2 inch comparison microphones ares 
easily seen towards each end of the tube and are shown 
Closed with the brass plugs shown in greater detail in 


BRoacograpn 3.2. , 
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Here, one of the plexiglass mounts for the WE640AA 1 inch 
condenser microphone 1s shown dismantled. The port for the 
1/2 inch comparison microphone is also shown in a dismantled 
state. The nuts and bolts used to fasten the mount and 
WE640AA to the end are nonconductive nylon. The O-ring seal 
and grove are easily seen. The markings shown inside the 
O-ring grove were used as reference marks for diameter 
measurements made using a calipers. In the final 
calibration configuration, the 1/2 inch microphone ports 


were sealed with the plug snown in the lower ri ging 





foreground of photograph 3.2 and a Knowles type BT-1751 
subminiature transducer was mounted in the end, alongside 


the WE640AA condenser microphone. 





Here is an end view of the short plane wave resonant 
cavity. Both the 1 inch plexiglass mount and the 1/2 inch 
microphone mounts are removed. A gasport is placed in the 
center of the tube as it was with the long tube. During the 
final calibrations, the 1/2 inch microphone port was again 
“plugged and the Knowles type BT-1751 subminiature transducer 
was mounted in the wall of the cylinder. Slightly out of 


focus, the Knowles subminiature can be seen at the far end 
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of the above photograph. The markings on the near end were 


used as references when the major and minor axes of each end 


were measured with a calipers. 





Here the Knowles subminiature transducer 1s shown mounted in 
the wall of the short tube. Most of the casing shown houses 
the preamplifier that 1s an integral part of this’ type 
BT-1751i subminiature transducer. The microphone is held in 
Place only by the tape holding down the signal and power 


leads to the preamplifier. 
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This hole in the wall of the cylinder was machined so as to 
just allow the microphone opening to be flush with the inner 
wall of the cylinder with the casing of the preamplifier 
providing contact support. This 1s illustrated in the 
previous photograph. Notice that each microphone had its 
Own plastic mount, the one shown in the photograph being 
designated "1082" which is for the WES40AA microphone of 


this serial number. 
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Here the end views are shown for both the short and the long 
tubes. In the long tube, sufficient room at the end of the 
cavity remained for the Knowles type BT-1751 subminiature 
transducer to be mounted alongside the 1 inch WE&40AA 
whereas in the short tube, no such room existed and the 


Knowles was mounted in the wall of the cylinder. 
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2. The Microphone_translator for Free Field Calibrations 

Two experimental difficulties are hidden in the theory 
developed for the free field reciprocity calibration derived 
in chapter one. First, the free field theory requires that 
the source transducer appear as a point source in the far 
field of the receiving microphone. This does not appear to 
require more than one measurement of separation distance 
between source and receiver {Refer to equation 1.84]. 
Secondly, it is assumed that the reciprocal microphone will 
have sufficient strength to project sound at an adequate 
Signal to noise level in the far field. These experimental 
facts are related as outlined below. 

In the first case, free field reciprocity theory 
requires a point source so that the acoustic pressure 
amplitude falls off as 1/R where R is the "distance" between 
the source and the receiver. Experimentally, after anechoic 
conditions are obtained in the laboratory, the measured 
separation distance between the source face and the receiver 
diaphragm does not normally vary as 1/R! For ae given 
operating frequency, a small difference is found between the 
physical separation distance and what is called the 
"acoustical separation distance",R’. The received pressure 
amplitude does fall off as 1/R’. Experimentally, this 


reguires a correction to the measured physical separation 


distance that 15S unique to a source/receiver pair and varies 


0 Slee 


as a fURGCEI OM of frequency. The theoretical and 
experimental necessity of obtaining this 1/R’ dependence 
requires the measurement of several received signals at 
different distances. A least squares error fit to the 
measured signal voltage versus the measured separation 
distance will yield the correction to the measured 


separation so that the acoustical separation distance may be 


calculated. The computer controlled microphone’ translator 
was constructed tc increase the precision in the 
experimental measurement of the acoustical separation 


distance. 
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Notice the meter stick on the table next to the translator. 


The total length of the translator was just over three 
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This device provides an electronic pulse to the HP-5613 
counter for each pinee of light from an LED source that 
shines through a disk containing 1000 slits or "spokes". 
This provides a "count" measuring the total angular rotation 
between successive calibration measurements where each 
"count" represents 1/1000 of a revolution. Measurement of 
the initial and final positions during any series of 
calibration stops allows’ each position to be precisely 
located after the fact. While the drive motor and the 
optical shaft encoder are shown in the schematic to be on 


Opposite ends, they were actually both located on the same 


end as is shown in the next photograph. 





Photograph 3.8 The mounting of the drive motor and 











The drive motor had a screw aGrive and is shown (on the 
bottom) mounted orthogonal to the threaded (12 threads/inch, 
60 degree pitch, 1/2 inch diameter, 10 feet ene translator 
shaft. The gear box used to couple the screw motor to the 
shaft can just be seen through its housing. The Hewlett 
Packard HEDS-6000 incremental optical shaft encoder appears 
as a small black disc with a lead of computer ribbon cable 
looped over the top. The center shaft 1s the threaded 
translator shaft with precision ground stainless steel upper 
and lower shafts used to guide and support the moving 
microphone mounted on a precision ball carriage. The 
equipment rack with the equipment used in the previous 


schematic is shown in the next photograph. 
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The mobile rack was used to conveniently transport the 
equipment between the anmechoic chamber and the resonant 
reciprocity laboratory. Missing in this photograph is’) the 
VHF switch used in resonant reciprocity to digitally switch 
equipments allowing the previous reciprocal source to become 
the receiver and vice versa. From top to bottom, the 


equipments shown are: 





Princeton Applied Research Model 3204 lock-in analyzer 
HP-S325-A synthesizer/function generator 

HP-Z456A digital voltmeter 

HF-S316A universal counter 

Cblank space where HP-98307A VHF switch was normally located) 
HP-85 computer 

HP-7470A graphics plotter 

Interface wiring for the HF-3497A Ctwo panels]d 

HP-S497A data acquisition and control unit 

On the floor to the right of the rack are two HFP-467 power 
amplifiers used to amplify the HP-3S325A signal for the Altec 
electrodynamic source. 

The correction to the measured separation distance in 
free field reciprocity i185 illustrated in figure 3.31 where 
the measured separation distances and the acoustical 
separation distances are both plotted for the 499 He 
microphone calibration measurement. This necessity to vary 
the range between source andreceiver to determine the 
acoustic separation distance is the indirect cause of the 
second experimental problem. 

When the received microphone signal voltage is mneasurec 
at increasing ranges, the iow source leve., it tne Wee4can 
condenser microphone results ina very low signal SO “mer se 
ratio in this far field. This Low signal to noise level can 
introduce significant measurement errors in the cal:ibratisn 
procedure. The use of a different reciprocal sScund source 


with an increased acoustic output solves the problem cf a 


low signal to noise ratiGc in the received signal. ia) Seige 


Vy 
in 


experiment an Altec 588 electrodynamic micrcphone 4 
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selected as the reciprocal source Since “ts acoust? ceo eeeee 
1S significantly Ber ee than that obtained fcr the 
condenser microphone. The schematic diagram of the setup 
within the anechoic chamber used to obtain the comparison 
calibration between the Altec and WE640AHR micrcecphones is 


shown below. 
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C. SIGNALFLOW AND COMPUTER CONTROL WITH PLANE WAVE 

RESONANT RECIPROCITY 

The schematic diagram shown below illustrates the signal 
paths used for computer control of data acquisition. The 
basic data so acquired was then used to compute a plane wave 
resonant reciprocity calibration of the microphone = open 


circuit voltage receiving sensitivity. 
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The controlling computer software was written to make 
the experiment entirely automated after the initial data is 
Given to the computer. The following is a discussion of 
this procedure: 

The computer program (see appendix B), written to 
control the plane wave reciprocity experiment, performs the 
following steps beginning sequentially with the highest mode 
of interest and ending with the lowest mode of interest. 
Fach of these steps (except for the initial input) are 
performed at each mode. 

The initial input 1s obtained by operator responses to 
program questions. The program asks for the following data: 

- the relative length of tube used (short or long tube) 

- the starting relative humidity (assumed to remain constant) 

- the highest mode of interest 

- the lowest mode of interest 

- the initial frequency band to search. This will be 
around the highest mode. 

- the time constant for the PAR 3204 lock in analyzer. 

- the voltage scale for the PAR 3204 lock in analyzer. 

After this initial input, the computer begins the 
following sequence of equipment configuration and data 
acquisition subroutines: 

Step I. Set all equipment to the proper drive voltage and 
frequency. Then switch microphone "A" to transmit and 
microphone "B" to receive. 

Step 2. Perform a preliminary selection of the drive 
voltage amplitude so that the mid frequency range initial 


amplitude is approximately twenty percent of the lock in 
analyzer’s full scale deflection. 
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Step 3. Sample 26 data points over the initial input 

frequency band. This band must bracket the center 

frequency of the mode of interest. Store the frequency and 
amplitude data and then analyze the data for the resonant 
frequency, F9, the peak amplitude, P1, and the quality factor of 
the resonance, Qi. These preliminary values are used as initial 
inputs to the least square error "Ravine" fit to a Rayleigh line 
shape. (Most initial values were found to be within approx- 
imately one or two percent of the final value.) 


Step 4. Computing the "bandwidth" as the initial value for 

the resonant frequency divided by the initial value of the 
quality factor, adjust the frequency band of interest to include 
only plus or minus one "bandwidth" around the initial resonant 
frequency. Adjust the drive voltage so that the lock in analyzer 
1s operating at ninety percent of max scale at the modal 
resonance. Again sample 26 data points and store the data both 
in a memory array and on magnetic tape. Store both the averace 
temperature and average atmospheric pressure found during the 

26 point sample. 


Step 3. Select microphone "B" to transmit and microphone 
"A" to receive. Ferform steps 2, 3, and 4 for this 
Somti guration. 


Step 6. Ferform a ravine search CRef 25: p.207], to find 

the least Square error optimum values for F9, Pl, and Q@1 for bath 
sets of data. Store these values on magnetic tape and in a 
memory array. 


Step 7. Select microphone "“A" to transmit using the 
previously obtained value for resonant frequency and the drive 
voltage selected when "A" transmitted earlier. Select 
microphone "C" to receive. Measure tne comparison voltage Vea 
Mig s.Or= it. 


Step S$. Select microphone "KB" to transmit using the ravined 
value previously obtained for resonant frequency and the drive 
voltage selected when "EB" transmitted earlier. leave micropnone 
"C" im receive and measure the comparison voltage Vcb and store 
act. 


Step 9. Using the equations developed for the six way round 
robin self consrstency check, compute the six different open 
Circuit receiving sensitivities. Store these values on magnetic 
tape and print these values for operator viewing. 


step 10. Compute the frequencies of interest for the next 


lower mode and begin anew at step i until all the modes cart 
interest have been sampied. 
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When these logical routines are completed, the computer 


automatically Switches all experimental equipment into tne 


Standby mode and awaits the next "initial" input of the 
Operator. I#f the operator elects to stop data acquisition 
at this point, printouts of the experimental measurements 


and computations just completed are iummediately available. 
The magnetic tape data base 1s available for future analysis 
and/or comparison when such a need develops. 

The magnitude of the improvement in experimental 
precision using computer control aS compared to manual 
measurements is illustrated in the table shown on the next 
page. Using measurements obtained for the 735 Hz. resonance 
(aS a comparison sample), the percent reiative change in the 
source amplitude, resonant frequency, and computed quality 
factor were computed from one run to the next. The time 
required for the manual measurements (per resonance) 
averaged 25 minutes. The time required for the computer 


controiled measurements (per resonance) was Slightiy less 


than 4 minutes. 
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percent relative change 
from one run to the next 
in measured data. 
SII AAA ASS ASS 


parameter used manual computer / ratio of manual to/ 
to measure the measurement measurement / computer results / 
relative change / / 

/ / 
Csource amplitude] 2037 - 004 yA ein oe / 

/ / 
Cmeasured resonant 27S e922 / aS 7 
frequency (mode 3)] / y 

/ f 
Ccalculated quality 1.92 9026 / 73.8 / 
factor ] SISIISITSSSSSSS SSS SSS 


It is apparent that a rough teproverment In precision of 
from one to two orders of ewagnitude occurred due to the 
computer control of measurements. This was’ the typical 


result of using computer control of data acquisition. 
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D. THE CALCULATION QF EXPERIMENTAL ERROR 


1. Introduction 

When equation 2.27 for a plane wave resonant reciprocity 
calibration for the open circuit receiving sensitivity 1s 
examined, seven experimental variables exist and need to be 
measured. The method of thelr measurement and their place 
in the analytical formulae will determine their individual 
effect upon the total experimental error. Using the 


equation developed as the plane wave resonant reciprocity 


solution for Ma as an illustration, 
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Straightforward error analysis (Ref. 261, yields fear ~ehe 


relative error, 


Vea 2 SVo u 


og 
\e 
(~~ 
vy 


: ke 
| ———- {| » | MS i + 
a ea Vea. Vo 
SMa ° Ve8 
MA : Equati Oni 


" r 
é 4x + So . + SYe + sQn Vy 
fy So € Qn 


The variables are, 


el/il - The ratio of the received signal voltage found 
across microphone "A" when it 1:85 used as a receiver 
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to the current driving microphone "A" when it is 
used as a source. 


Vea/Vcb - The ratio of the received comparison voltages 
seen by comparison microphone "C". 


Vo - The product of the effective cross-sectional 
area of cylindrical cavity times its length. 


Po - Atmospheric pressure within the cavity. 

Ye - gamma, the effective ratio of specific heats for the 
gas within the cavity, (accounting for the relative 
humidity and the non-adiabatic conditions at the 
boundary of the resonant cavity. ) 


Qn - The quality factor of the Nth resonance. 


Fn —- The frequency of the Nth resonance. 


These values and their individual probable errors’) must 
be determined and included in the calculation of the 
probable error for Ma. 

The necessity of obtaining absolute measurements of el 
and i1 prior to computing their ratio was avoided by using 
the lock-in detector to measure both el and (indirectly), 
a Experimentally, the ratio e1/11 was calculated as 
el/(2*pixf*C*v1l). The variable C is the capacitance of the 
condenser microphone, vl is the voltage drop measured across 
the condenser microphone when it is acting as a source, and 
el is the voltage across the condenser microphone when it is 
acting as a receiver. In this chapter, the term “condenser 
microphone" is used in the sense that includes the BNC 
electrical connection between the microphone cartridge and 


the external electronics. The frequency transfer 


= tales 


characteristics of the lock-in analyzer will cancel out in 
the ratio of the measured voltages. Any error invoived will 
result from nonlinearity in the lock-in analyzer and the 
inability to exactly measure capacitance and frequency. 

The methods used in measuring these parameters and the 
determination of their individual contribution to the 
overall experimental error is presented next. A summary of 
the individual contributions to the probable error in the 
plane wave resonant reciprocity wRibratieoee shown later 


in this chapter (in section D, part 5). 
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2. Measuring the Ratio el/il 


a. The Electrical Circuit 
Figure 3.4 illustrates the signal flow involved in the 


determination of @1i, and figure 3.5 is the schematic of the 


circuit used to measure el. 
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Figure 3.4 


Here we see the signal path from the received signal to 


the measured voltage. In electrical terms the input circuit 


is: 
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Circuit elements (with approximate values) and the 


parameters ot interest found in this circuit are: 
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Signal voltage desired. 

Output voltage of the Signal Freampiitier. 
Current limiting resistor in the Bias Voltage 
supply. <> 1omegonnm 

D.C. Blocking capacitor in the Bias Voltage 
SUD LY. (VOT) 

Battery bypass for battery noise. (*.01lUf) 
Connecting cable capacitance. (40 pf: 
Connecting cable capacitance. (SO pf) 
Freamplifier input capacitamee..( 20"ete 
Hias voltage (116 valts) 


Preamplifier input resistance. (*1L9 Megorm) 
Irput volrage to the preamplifier. 
Gain of the preamoliat Ver yee. 
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Figure 3.5 is an abstract electrical model of the real 
physical system feed to process the electrical signal 
generated by the condenser microphone. It represents a 
compromise between conflicting factors of simplicity and 
accuracy that must be addressed from both the experimental 
and the theoretical standpoint. Numerically, US1NG 
available computer software, it 1s possible to determine the 
"transfer function" of such a lumped parameter circuit with 
relative ease. The difficulty arises when accurate modeling 
is attempted and every stray capacitance, resistance, and 
inductance is measured and included in the model. 
Experimentally, such an approach is difficult to apply and 
1s not necessary in every case. 

The circuit analysis 18 Simplified when the relatively 
small drop in signal voltage across the blocking capacitor, 
Pemeim figure 3.5, 1S accounted for Ey a one time correction 
fo the final microphone sensitivity. To see how this 215 
done, refer to figure 3.5 and consider the signal voltage 
that would be measured on each side of the D.C. Die erie 
Capacitor, Gee The effect of the blocking capacitor 
impedance on the magnitude of "Vin" depends upan the 
magnitude of the input impedance of the signal preamplifier 
meemed Dy the sarallel combination of "Clo", "Ci", and “Ri”. 
Ry simple voltage division, using the iumpec sarameter 


S 
— 


values given for these devices under figure eo ee Te ae 
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of Vs/Vin remains constant to within *.01 dB Gover the 
frequency range fee in this experiment. The GB signal loss 
across the blocking capacitor Cc 15 calculated in Appendix E 
and shows an approximate ~ .03 dB loss across the entire 
frequency range used. This means that the block ime 
capacitor Cc may be ignored in the circuit analysis if a one 
time correction to the open circuit voltage receiving 
sensitivity of +.93 dB 15 made at the end. Thus , (by 
measuring the bias bax input Capacitance (wnen it 15 


disconnected from the circuit), the cable capacitances, anc 


the input capecitance of the signal preamplifier, the 


1-4 


Circuit model can be simplified as shown in figure 


below. 





Microphone Bias box Signal preamplifier 


Here, the measured capacitances of the connecting 
cables, the bias box, and the input of the Signal 
preamplifier can be combined. The capacitances of the 
connecting cables and the Bias boxes were measured directly 
with a General Radio Type 14615A capacitance bridge in turn 
calibrated with reference to a General Radio type 1404 
reference standard capacitor serial #2507. This reference 
Capacitor had a specification of [QO pPreotamees (to 2) ppm? 
me ikhe at 22(+-1) deg C. In addition, the zero bias 


voltage capacitance values for the ditterent W.f.5408A 
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laboratory standard microphones were measured with a Hewlett ( 


Packard 4192A LF Impedance analyzer calibrated to the same 
reference. The results of these measurements are listed in 


table 2.2 below. 
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precision 
Csample sigma (pf) J 
Bias box "A" plus the cable 


Capacitance (BTAR Et). ..52.. .28 KS 7 OO Gem ~-928 (n=6) 
Bias box "B" plus the cable 

capacitance -(O@7TER Cll. 2 2 gisielewe L5Ose7 ete Ole (hae 
WE. S40AA Serial #1248......... wal; 1 (88 4 2 -QG2 (n= le 


(with the "#12498" BNC connector) 


W. Es. 6G40AR Ser ra lla 1lOS2 iinet 371.974 oF 002” (n= 
(With the "#1082" BNC connector) 


W.E.640QA Serial #0815.......... . 49.964 pF .OO8 (n=1%) 
(with the "#0815" BNC connector) 


ee ee ee ee ee ee 


Table 3.2 Measured capacitances of bias boxes and 
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Since the input capacitance of tne signal preanpli*:eF 
wiil vary from amplifier to amplitier, the tcllowing 227 
was used to calculate the input capacitanmte tGr Sac 


preamplifier used in the experiment. 
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6b. Measuring The Input Capacitance of Preamplifiers 

The specifications of the preamplifiers used in this 
experiment gave the input capacitance as a nominal 20 to 30 
picofarads. Since the capacitance of the W.E.640AA 
condenser microphone was approximately SO picofarads, any 
error in the determination of the preamplifier input 
Capacitance on the order of 1/10 picofarad was significant 
and the rough value given in the equipment specifications 


was grossly inadequate. Refer to the circuit shown below. 


Vg=GVo 


| 
| 
4 | | 
| 
| 


cl ay 4 Vq 
| 


eo a eee 


Straightforward voltage division will yield a solution for 
Vo. When this) solution is combined with the gain, 


Vg=Zi*Vs*G/CZit+tZv]. When this solution is inverted, 
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Zv is the impedance of the variable capacitor 1n the input ¢ 
iy CIWEV do), and Zi is the input impedance of the cable and 
preamplifier combination ( Ri/Ci + Ri*tjwetCi+Cli sy 7. [yee 


Circuit parameters used for this circuit were: 


frequency = 1000 Hz. 

Gi 4 pt 

Crs 39325 ps 

G ie ee) 

Cy 9% 4 = 60 oF Cscee table.*o7cd 

Vg ™ variable 

Vs ™ variable, on the order of 10 millivolts. 
Ri ™~ 10 megohm, uncertainty estimated at 1%. 


This 1s the form of the equation for a straight line, 
Y=axtb. If individual values of 1i/Vg and 1/Cv are fit by the 
least Squares error method to a straight line, the values of 
ta, ana “Bb” can Be cCalheularted, The resultant absolute value 
of the ratio of a/b equals the magnitude of i1/Cjwie 
Individual "boxes" with different values of Cv were 
constructed and calibrated so that as large a range of 
Values as possible would be available for the least square 
error anmalysis. The following table lists the capacitance 
values measured for these aiundividual boxes using the same 


Ceneral Radio Type 1615A capacitance bridge previously usec 


to obtain the bias box capacitances. 
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Box # Capacitance (pf) Precision 


(average) (Sigma using 
two samples) 
1 3.6128 -OO1 
2 9.79036 29005 
3 11.0215 0031 
4 11.9826 29005 
ra) 1S. 75a 002 
& Not used due to thermal instability. 
7 14.9932 290005 
8 20.3958 9003 
9 22.9042 0005 
10 61.4590 .90005 


used as "Cv" in the determination of preamplifier input 


The capacitors listed above were selected for their 
thermal stability and were observed to remain stable to 
within the precision obtained above for the laboratory 
temperature range of 19-22 degrees centigrade. 

When the values for "a" and "b"“ are obtained via least 
square error analysis, the solution for the total input 


Capacitance is given by: 
\ 
/a. 


OW 
o-: = +e) - CO Ce Equation 3.4 





=e =|) Ste 


The uncertainty in the result obtained for Ct is given by 


[Ref. 28: Eqn. 3-2): | 
3. 


($) (88) ( Sri) 


6) 
(P)- See (ORF) oe 





Equation 3.5 


The results obtained with the least square error linear fit 
using the method described above are given in the tables 
below. The ultimate uncertainties in Ct are due largely to 


the 1% estimated uncertainty in Ri. 


The following data have 
~ 3 significant figures 
and are in picofarads. 


Ithaco 1201 Ser. #63594 data run #1 data run #2 
(X10 setting, RiY¥100 Mohms) 
chan “A" Ca/bJ= 22.9081 22.7463 
chan "B" CTa/bJ= 24.6444 24.6597 


Ithaco 1201 Ser.#61783 
(X10 setting, Ri¥100 Mohms) 
chan “A" Ca/bJ= 23.4920 23.6938 
chan "“B" Ca/bjJ= 26.0170 26.0228 
Hewlett Packard 
Type 46SA Lab Serial # 95 
(lab B side X10 setting) Ca/bJ= 29.6300 27.6502 
Hewlett Packard 
Type 465A Lab Serial # 93 
(lab A side X10 setting) Ca/bJ= 28.9561 29.0806 


Note: The value of the "cable" capacitance, Cl = 1.926 Pf. 


i 


S51 Oe 


With the experimentally determined values for [Ca/bJ], the 
value of the preamplifier input capacitance, Ci can be 


determined. 


Signal Preamplifier /Ci (pf)/sigma(pf)/"“standard sigma"/P.E. (ppm) 
values of Ci have * 3 significant figures 


Ithaco 1201 Ser.#63594 
(X10 setting) 
chan A 20.946 - 088 20 ppm ~ 4201 
chan B 22.675 -088 20 ppm ~ 3880 
Ithaco 1201 Ser.#61783 ; 
(X10 setting) 
chan A 21.793 - 088 20 ppm ~ 4038 
chan B 24.045 -088 20 ppm ~* 3660 
Hewlett Packard 
Type 465A Lab Serial #95 
(lab B side X10 setting) 23.067 -148 20 ppm ~ 6416 
Hewlett Packard ) 
Type 465A Lab Serial #93 
(lab A side X10 setting) 22.338 2145 20 ppm ~ 6491 


When the signal preamplifier input capacitances so 
determined are included in the circuit analysis, the circuit 
can be further simplified as shown in the following 


section. 


=a oOs 5 


c. The Calculation of el { 
Referring back to figure 3.4, the total input resistance : 
and the total input capacitance can be combined in a complex 


impedance, Zt. The value of Zt 1s given by, 


vie — { zs a Ce C= Equation 3.6 


The values for Rt and Ct are given by, 





Re Re te (Ce 
R.. = ) Ce 7 Ce . Equation 3.7 


A,r Ri 


Now the circuit becomes, 
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Vin 


vy - 


cme eer — — 


The solution for the ratio af Vin/el i¢ given by: 


Vin : 
C4 a } Rear | ~ j j macinary | 


The real part is given by, 
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EGuation 
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{ REAL} = iL v Cra E quat i ome 


and the imaginary part 15, 


ele 
uw RaeCw 


E quat i oman 





STmaciwacy| = 


The solution for the magnitude of el for this circuit sie 
/ 
a 
zu if P 
SV |+ Cr) , | 
eae = IN Cw wy Ar Cr Equation umm 





Nominal values for the parameters in this equation were: 
Gt Agel 0). eee = 
Cin oS pes 
Ri ™~ 10 Megohms. 

Refer ahead to figure 3.9 to relate the signal amplifier 
input to the final "voltage" sent via the "Hewlett Fackard 
Interface Bus" (HFPIB) to the HP-85 computer. The ouUtspueaien 
the signal amplifier is equal to the input multiplied by the 
amplifier gain. This same amplifier output voltage, Vaut, 


1s then the analog input voltage to the 3204 1loct iss 


- 166) = 


analyzer where it is scaled by the gain setting of the FAR 
3204 lock-in aRlenVReR "B's and sent to the data acquis:tion 
system. Due to the design of the lock-in analyzer, the gain 
setting of "B" is selected so that the acquisition input has 
a range of values of from 9 to 1.15 volts. This data 
acquisition system is HPIB compatible and is in turn sampled 
to provide the digitized output, Vdata, to the HP-85S 


computer. HP-85 Computer 


ZK 









Digital 
Signal 
HP-3497A 
Data acquisition Vdata 
and Control Unit 
DC volts 





PAR 5204A 
IOGK If) 
analyzer 


Vie 
Switcn 





control] 
line 







Manual gain setting, "B" 
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The inverse of this path gain 1s computed to determine 
the value of Vim when Vdata 185 known. Thus, the analag 
voltage "“"G*Vin" 1s obtained by multiplying "Vdata" by the 


fetm setting, "BB". 


= 1672— 


(a]L¥™] = [ 8] [Veena] Equation 3.12 


Solving for Vin and substituting into equation 3.11 we 
obtain the received Signal voltage 1 terms lag 


experimentally measured parameters: 


| 








B Vdata 4 + (5c an ~{ C 
cal “5 G Crm YW) (ee. Equation 3.13 


Prior to computing the ratio el/il, we must next discuss 


the caleulation of the tramsml tt2nmgretrnen>. sia 
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d. The Calculation of il 

The drive current for the source microphone is estimated 
from a knowledge ae microphone capacitance, the bias 
voltage, and the drive voltage seen across the source 


terminals. 


4 z 5 Ud an Veate 


Equation 3.14 


Using a constant value of Capacitance to model the 
microphone neglects the effect of the motional impedance on 
the ratio of Cel/ilj for the condenser microphone. (After 
the fact, it was determined that the value of iif should have 
been experimentally measured and not calculated. However , 
the following explains what was actually done.) 

The drive voltage across’ the source microphone’s 
terminals that is used for the computation of il is not the 
drive voltage that the computer program "asks" for but 
rather is aresultant of the "asked" for voltage and the 
Signal path transfer function between the signal function 
generator and the microphone. This discrepancy is corrected 
by using an experimentally determined least squares fit to 
"ask" vs "get" data. The circuit shown below is the circuit 


used to obtain the "ask" vs "get" data needed. 
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Digital 







9204 
oxalic iK0 
analyzer 








Resonant 


Plane Wave 


Cavity 







i= 2 oy 


Function 
generator 
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Using the data experimentally measured in this fashion, 


we Nave a series of estimates of "Vget" that use acceotabtle 


Straight line approximations to the transfer fwunct ? Oiaes 


short segments of frequency. 
EQuation Torm 2 Vget = £€ K(f) J*Vask 


OOM24f< Jeune Vget = (.9278 +409 75-581 Je ase 
‘probable error ~~ 430 ppm: 

Jews +. LOeUr nic Vget = £.93516 +4. 1636 -6*Ff 1*Vask 
\probable error. “a10 gaan. 

POO hisses f 21S Omar Vgoet = €.9341 +1771 46-S4)43--- 
sprobable errecr * 410 ppm; 


LO ne ea OC aa = Vget = (€.°30S8 +5. 1225575 22 
(orovaeable error ~~ Seoue- a. 
Sows ae 7 7 okie Yget = £€.9568 +2. 229657 4723 


Ne 


tprooable error 2697 >peme 


= 1706— 


EqGuations 





The next correction we must ainclude 1n order to 
accurately calculate the drive current 1s the observed 
increase in capacitance of the source microphone which 
occurs with an increase in bias voltage. 

While the capacitance of the source microphone 15 
primarily a function of its dimensions, the electrostatic 
force between the backplate and the diaphragm of the 
condenser microphone as a result of the applied b:as 
voltage, will cause a Gisplacement of the microphone 
diaphragm away from the unbiased equilibrium position. This 
change in the Saree between the diaphragm and the 
backplate will cause a Slight increase in microphone 
Capacitance relative to the "no Bias” nae anes: This 
Slight change (%.5%) is easily measured anc is tabulated 
ener The cata were obtained using the internal 561a¢ 
supply voltage and the standard functions available on the 
Hewlett Fackard HF-4S$192A LF impedance analyzer. 

Approximate solutions for Mo are ob86talined for une 
WeE-640RA microphones using the change in capacitance vs 


bias voltage data. The theory and results of such a 


Calculation are shown in Appendix F. 


Siist = 


— ce ce ec ce cc ce ce ce ec we ee cr mc cr ce ce ce ce ee ees ce ee eee eee 


For W.E£.640AA TYPE "L" laboratory standard microphones. 
Measured values are uncorrected HFP-4192A readings. | 

Bias Measured C/delta C Bias <2 { 
(Volts Dee.) (all values in FPF.) \vOol ts sam 

W.E.640AA Serial #'°s 
#1082 #1248 #0815 

—5o9 96. 7707 sOso WO. 99O7 04a 34.842/.9072 logs 

=S08 56+ /eo7 oes 36. 750/7-U2o J. 3207. 000 7Cg 

=—295, - 356, 7/807 2020 DOn77 O7 eee 74, 305 720 s= 625 

=20' 356. 7/0/. 016 Bou 7007. One a4. 7/707. O22 400 

=—{2 .96. 7/607 4OOn JO. agave) 24. /Sa Aas 25) 

—10) 36, (oo7 sous DO. 7907. COs J4.27/a/7200s 100 

Oo S36. 7607 00g 96. 945/.000 24.7 707 . 008 

+10 36.7657. 005 76. 7207 .005 I. 7 ase ooe 100 

1S. 26.7627. 00g DO+ 7957 TO 24. /73887.01c Pia: 

+20 S67 Fer 201 G6. 72a es se as Be A ec Ai) 

+25. D6. 77 s7201> Sow 7 7O7 aes Sa SS ae epee = 

te 36. 750/72 0.0 DOn 7 O07 ene AS Ou ee Clee FOO 

+30) On 7 70 eae S$6.990/ .045 346427 2074 Loe 


COr7T ection Ter Metmntinme Frac... = 
COrrel* ii tar) fatter ask von ‘oe ale 4 eee 
Total COrrects om Feaul-~eqcs— 


—_ ee ee es es ee es es ee es ee ees es es es es es es ee es es ee es es es ee es es ees es es es es es es es ce ees es ee es = 


~4 US 
+0, 008 (po F3 


Due 


Lo the 


impedance analyzer, 


InN Capacitamce due to the applied bias 


micropnones were biased at 


volts. 


was used 
microphone capacitance which resulted 


roltage. 


to extrapclate an 


The equations so obtained had 


possibility 


1t was 


their 


A linear least Squares ft:t 
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HF —4 192 nee 


t9Q measure the change 


WE. S4ciee 


es 


to the data shown anbGve 


the 


#7 Om 


. Lf - aS 


chenge i 


the appiied bias 


2 
. i L 
Acm = a {Vaies| Equation 3.16 


Individual correlation coefficients of .985, .996, and .999 
were obtained for the bias voltage capacitance correction 
equations given below for W.E.S40AA microphones with serial 
numbers #1082, #1248, and #0815 respectively. The 
uncertainties in the slopes’ and intercepts so obtained are 


‘Given as "delta a" and "delta b" respectively. 


delta C1 = (2.4731 E-SI]*V*%2 + 3.1668 E-4 (pf) 


(#1082) delta "a" * 1.2E-6, delta "b" * §8.03E-4 
delta C2 = €3.6615 E-SI*V“%2 + 1.0404 E-3 (pf) Equations 3.17 
(#1248) delta "a" ” 1.6E-6, delta "b" * 1.1E-4 
delta C3 = (5.9254 €-51]*V*2 + 2.3190 E-4 (pf) 
(#0815) delta "a" * 8.2E-7, delta "b" * 5.5E-4 
At a nominal bias voltage of ~~ 117 volts, the 


Capacitance corrections expected due to the bias voltage are 
on the order of one percent and are significant to the 
overall calibration. 


Thus, we can calculate the value of iil as, 


UA = (anf) Kt) Vast Com + Bln Equation 3.18 


and the equation for el1/ii becomes, 
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= =r 
e4 oe (4+ =) 6 Ry Com 


ul “Tan LK (2) Vase | | Com + DCm | <n 


ae 
— 


= 
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The probable error in the ratio el/il may now be calculated 
provided the probable errors associated with the 
preamplifier gain, G, the measured resonant frequency, fn, 
and the non-linearity in el/vi due to the lock-in analyzer 
are available. An analysis of these probadle’ errors will be 


included in the next four sections. 
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e. Measuring The Signal Preamplifier Gain, G 

Two different signal preamplifiers were available for 
use in this eeoeeiment. These were the Hewlett Packard type 
465A amplifier and the Ithaco model 1201 1l10o0w noise 
Dreamplifier. Both amplifiers were used at a nominal gain 
of "10" but were experimentally observed to have different 
Qain stability characteristics. Since the duration of a 
typical experimental "run" averaged eight hours, it was of 
paramount importance that the drift in the signal gain be 
minimized over this time period. Both ‘amplifiers had 
experimental advantages; the HP-465A had the lowest drift 
rate and was selected for use in the plane wave resonant 
reciprocity experiment. The Ithaco 1201 had an internal 
battery power supply which greatly reduced cross talk and 60 
cycle hum during the later free field reciprocity 
calibrations. The circuit used to measure the gain 
experimentally was controlled by the HP-85 computer and is 


shown below. 


=o = 







AP-35 Zoe PAR-3204 
PUnGianain Lock - ir 
Generator Analyzer 


HP-5497A 











2 Data Acquisition 
aren and Control 
ftmaee. a Zo) 
Siqnal AP eS 





oreamplifier Computer 
Bye 


Figure 3.ii Circuit used to measure amplifier 


gain. 


— 


In the above circuit, after establishing a constant rms 
Yeleage <GutpuEs the function generator was directed By 
computer to step through the frequency range of interest 
(200-6000HzZ) at intervals of 100 Hz. At each frequency the 
Output voltage was measured by the lock-in analyzer/data 
AGCGULS!ElOm -AamMae “Conceal unit and stored in a computer 
array. Next, the amplifier was included in the circuit and 
the procedure was repeated. The entire procedure was 
repeated several times to obtain an estimate ot precision 
for the array data. The gain of HF-46S5A amplifiers was 
calculated by comparing the two arrays and the results are 


shown in figures s.lec and 3.15 below. 
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LO) 
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Since the drift of measured values over a single day is 
roughly 1/35 the drift observed over an eight month fericd, 
the latter is used as the worst cas2 estimate of uncertainty 
im G, while the former 156 used as Live Dese case estimate. 
Thus, the range of precision in this data 1s from *260ppm to 
“1300 sO Mic Since the computer controlled circuit measures 
the relative gain, the systematic error included in any one 
measurement is cancelled out and the precisicn ot the data 
is used as the estimate for orobable error in thas 


parameter. The gain analysis tor the [thaco amplitiers will 


=——i7 8 — 





be included later when the free field reciprocity experiment 
is discussed. 
Next, the non-linearities associated with the lock-in 


detector signal path will be discussed. 
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#. Measuring Non-Linearity in The Lock-in Detector 
The non-linearity in the lock-in detector was measured 


using the circuit shown in figure 3.14 below. 


HP-3497A 
PAR Model 3204 Data 
Lock-in Acquisition 
Analyzer and Control 


Generator Unit 


Gertsch HP-85 


Ratio Computer 
Transformer Bond 





Experimental determination of the linearity of the lock-in 
detector found that the fractional error varied as a 
function of what portion of the scale was used to measure 
the data. Since the computer program dynamically sought to 
run the source until the receiver was at * 90 Z of full 
scale, the linearity at that scale position was measured and 
used in the error calculations. Two different ratio 


transformers were used to determine the linearity of the 
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system and the measured results are shown in the following 


tables. 


All data was obtained at 1000 hz, so that the limits of the 
ratio transformers would not be exceeded. 


Transformer serial# 304 


transformer ratio voltage ratio fractional error (ppm) 
oa ~9097117 - 29700 
a2 » 206257 + 30300 
aes 2 307339 + 23900 
-4 ~ 398773 = 3080 
= » 497208 = 9620 
6 ~ 397665 = 3910 
a7 698417 = 22/0 
8 - 800050 as 063 
aes -9700181 + 201 


es we we we se ce ie SS i SS ST ES aS 


As shown on the next page, a different ratio transformer was 


used to obtain a comparison. 


oye =) ieee 


SS EE SS See SSE 8 SS SS eS ee ee es ee ee ee ee 


: 
All data was obtained at a frequency of 1000 hz so ( 
that the limits of the ratio transformer would not | 
be exceeded. 


Transformer serial# 572 


transformer ratio voltage ratio fractional error (ppm) 
oa FOV aso 7 So 2 Sue 
~2 219797362 = o20@ 
> 2 300154 4° S000 
4 - 579208 = 1980 
2 » 499937 = hey Bo. 
72 »973619 =: sole 
ae -/9Oiea os Loe 
=o 2/982 > 3 FF a 
Poe -S7eG20 = 1379 


—- op ote cep cep cep com es ee ee ce ee ee ee eee ee ee ee ee ee ee ees eee eee es ee eee ee ee ees ee ee ee ee ee es eee ee ee ee ee ee eee ee ees ee ee ees ee ee eee ee ee ee ee ee es ee ee Oe ee 


Since the limearity -oFf these ae Io) transtormers | 
mominally is on the order of 10 ppm, the fractional error 


due to nonlinearity in the signal flow through the lock-in 


detector 1s from *Y200 to ‘1800 pom depending upom Algae 
fatie Eramstermer 15 Aceurate. An estimate cof 1409 ppm wild 

| 
be used tor the probable error im the linearity or the 


system near full scale and * 3700 ppm near Nalt scale. 
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g.- Computation of The Probable Error in el/il 

For the purpose of error analysis, the effect of the 
Cw#Rt*#Cmj term in ee 3.19 is relatively small since 
the neglected term is at worst one order of magnitude 
smaller and normally two orders of magnitude smaller than 
the Ci + Ct/Cmj] term. As a result, its contribution to the 
overall error will also be smaller. Equation 3.19 is 


therefore rewritten for the purpose of error analysis as: 


a 4 4 = | 
K (¢) Vast 7 Cm 


Ont oe Cas 


ed 
u4L 





Equation 3.20 


The relative error in e1/il can now be more easily computed 


pe Ve 
Sb y (SS)) sf. in 


ass 








+ 
pe) B Vdacka Ae 
VW Vaer y) 
— | A Equation 3.21 


eC} 


“= Soy, (sce _— 


Lt 
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When it is) noted that the contribution to the error due to 
the resonant frequency will not apply to the total error in 
the open circuit receiving voltage sensitivity, Mo, due toa 
cancellation from the resonant frequency in the numerator of 
Jo, we can exclude the relative error due to the resonant 


frequency, note that the scale factor Bis a constant, and 


=—Slesy = 


rewrite the relative uncertainty in Cei/ild as, 





e| ete ip 

s(E) _{f Ai58)\" 56) estevec’ 

(= - ( soe) = (¢., ees Equation sa22 
L 


The error in the voltage ratio will come from two sources; 
the uncertainty i1n Vget, aS a result of the inexactness of 
K(f) #*#Vask, and the uncertainty due to the nonlinearity 1n 
the voltage ratio resulting from the nGa=l Aeanee in the 
lock-in analyzer. Using the results from the previous 
section and the experimental determination ot the 
inexactness found for K(f) *Vask (shown in equations 2.15), 


we have, 


big ip 


S (ge 
( vou - [1400 em) : [3US tem] 7 ad Osc Rie 
V yet 








The uncertainties due the capacitance terms are computed 


next. Let the result, W, be defined as: 


we) 


a ag 
W = Cm a Cr Con Equation ae 
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Straightforward error analysis yields, 
ay / 
2 
_ ) (ow S,. “) 4 ow St) 
SW 7 OG ~ Oty Betlaaiem slo 


with, 
— 
BC wm SOuUAG LOM Sasa 


and, 


mm. 4c” 
OCr Pata TOM O62) 
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S@isSetatucion of equations 2.26 and 3.27 into equation 2. 


=, 
an’ 


ay) 


and subsequent division by equatian 2.24, the fractional 


uncertainty due to capacitance terms 15 obtained. 


sw $[ (053 ate Ct) (Stal) { Sy /, 
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With nmominal values of Ci, Cm, delta Ci and delta Cm taten 


5 


from the combination of of data within tables 3.2 and 7.4 we 


obtain, 
CT ~ 178 pf (total of Clo, Cli, and Cm ret. 7 yet 
Cm “SZ ape 

delta CT ~ .lap- 

delta Cm ¥* .Q02 pf 

Upon substitution aiumto the equation for the relative 


uncertainty due to the capacitance terms, these figures 


yield: 


We 460 PPM 


\V Equati On aaa 


Calculating the uncertainty in el/i1 due to uncertainty 
in Capacitance, uncertainty ain the voltage ratio and 
uncertainty in the preamplifier gain, we obtain, 

| 
(5) reo] e 
: m 
Ul = 
_ | (0) + (1449) + (780)"| = 1770 ppm 
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Next we will consider the measurement of the voltage 


rato Veer Vcd. 
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3S. The Measurement of Vca/Vcb 


Refer to the comparison voltage signal flowpath shown in 


figure 3.3 and reproduced below. 
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Since the signal path for the measurement of both "Vca" and 
"Veb" is r&rdentical, only the ratio of these measured 
voltages is important. As such, the non-linearity of the 
lock in analyzer will determine the error contributed by 
Enis ratio. When the non-linearities measured using the 


Gertsch ratio transformers are examined in table 3.7 £=and 
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table 53.8, the average non-linearity is much worse than that 
obtained at a scale reading of 0.9%. The previous use of the 
non-linearity associated with a 0.9 scale reading for the 
ratio of Vdata/Vget in the calculation of e1/il1l was possible 
only because the controlling program dynamically adjusted 
the transmitting sources until the receiving microphone gave 
an output in this scale region. No such dynamic adjustment 
was achieved for the comparison voltages Vca or Vcb and they 
typically were at half scale. Since the probable error due 
to non-linearity in the system at half scale is ~ 3770 ppm, 
this is the value of probable error used for the ratio 


Vca/Vcb. 
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4. Calculating The Reciprocity Factor "“J" 


Refer to equation 2.40 which 1S reproduced immediately 


below. 


= VV Ve ty 
on &, ee Gye Equation 2.40 





Experimental calculation of the reciprocity factor, Jo, 
required the measurement of five experimental parameters. 
These are the atmospheric pressure, the resonant frequency, 
the quality factor of each modal resonance, the ratio of 
specific heats for the gas within the cavity, and the cavity 
volume. Two other experimental parameters varied over the 
course of the experiment and required measurement in real 
time. These parameters were the temperature and the 
relative humidity. The relative humidity and temperature 
will cause a change in the ratio of specific heats (CRef.25], 
and any temperature change affects the speed of sound = and 
hence the resonant frequency obtained. A discussion of the 
means used to measure all of these parameters will be 


oresented next. 
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a. Measuring Atmospheric Pressure 

Changes in the ambient pressure were monitored using a 
high precision MKS Baratron pressure head sensor, model 270 
with a HS6-1500 purifying diffusion pump, type 162 all of 
which then was calibrated by comparison to the ambient 
pressure at the experimental altitude. The absolute 
reference was provided as data determined by the 
Meteorological Department at the Naval Postgraduate School. 
The data was available at 15 minute intervals and was 
compared over roughly one weeks’ time. The” correction so 
Getermined was applied to the output of the Baratron’s 
associated electronics signal as measured by the Hewlett 
Packard 3456A digital voltmeter. Refer to figure 3.15 below 


for a sketch of the pressure sensor signal path. 
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‘The data used to obtain the calibration for the output 
of the baratron pressure head is plotted in figure 3.146 and 
is a plot of the output of Pine Raratron system over 
approximately one weeks time. The output of the MES 
baratron pressure head is scaled to indicate mmHg (Torr) So 
that the correction calibration of +5.58 mbar becomes +4.25 


mmHg in the software implementation of this calibration. 


- 191 - 





1014 
1008 1012 1016 1020 1024 1028 


Mks Baratron (mbar) 


The precision of this pressure reading 1s observed as 
deviations from the least square fit to a straight line. 
The deviations range from ™~ .1 mbar to * 1.2 mbar and the 
average value 1s ~ .235 mbar. If the systematic error 15 
taken as the claimed accuracy of the Naval Fostgraduate 
school reference, <“~.2 mbars the probable error in pressure 


is ™~ 319 ppm. 
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b. Uncertainty in Resonant Frequency and Quality Factor 

Plane wave longitudinal resonances in the “short" 
cylindrical cavity were sampled and analyzed using the least 
square error ravine process referred to in step 6 of part C 
in this chapter. The inaccuracies found in measuring the 
quality factor generally increase with the sharpness of the 
resonance. Since the short tube had higher @Q’s_ for its 
modal resonances, it was selected for this experimental 
determination of the precision of Fn and Qn. As such, the 
fractional error in Qn found using the short tube will be 
the upper bound on the determination of the fractional error 
‘in Q@n for the experimental calibration. There is no 
experimental reason to expect any difference in the 
Precision found for Fn determined in the long tube compared 
with that determined in the short tube. It must be noted, 
however, that the fractional error in the determination of 
resonant frequency does not enter into the calculation for 
the open circuit receiving voltage sensitivity shown in 
equation 3.1 since the resonant frequency in the denominator 
of the ratio found for eil/il is cancelled by the resonant 
frequency found in the numerator of the reciprocity factor, 
J. The analysis that follows for the probable error in Fn is 
included only for completeness. The transduc@rs used as 
source and receiver for these measurements were type 
W.E.640AA condenser microphones mounted in the ends of the 


Plane wave resonant cavity. 
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Normally, the computer program that controlled the 
experiment caused first one condenser microphone to act as a 
source and the stnee as a receiver and then switched the 
roles of source and receiver so that reciprocity data could 
be obtained. To determine the precision of the numerical 
algorithm that obtained a least mean square error fit to a 
Rayleigh line shape, two such sets of data were still 
obtained but the program was not allowed to switch roles 
between source and receiver after the first data set was 
sampled. See figure 3.17 below for an illustration of how 


the Rayleigh line shape was sampled around resonance. 


RELATIVE AMPLITUDE 
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With no change in the source or receiver, two such data 


sets were obtained one after the other. After both data 
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sets were ravined, an immediate comparison in resonant 
frequency and quality factor for the mode under inspection 
was made. When several modes were sampled many times, 
sufficient data was available to determine the precision of 
the ravine technique by direct comparison. Since the 

relative humidity varied within the laboratory on atime 
scale of hours while the temperature within the laboratory 
changed noticeably every few minutes, only the change in 
average temperature as measured by the thermistor shown in 
figure 3.3, was important for comparison purposes as the 
mean time between data set 1 and data set 2 was 
approximately 45 seconds. The fact that the speed of sound 
in an ideal gas is proportional to the square root of the 
absolute temperature was used to normalize all the ravined 
resonant frequencies to a common temperature of 20 degrees 
celsius for comparison purposes. These normalized resonant 
frequencies and the associated quality factors for three 


selected modes are given in table 3.9 below. 
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horizontal axis 15 taken from gaussian probability paper 
CRef. 28: p.67] and is plotted as the percent of readings at 
or below the value fotnd on the vertical scale. Such a plot 
illustrates the distribution of a data set with a gaussian 
distribution as a straight line. By calculating the 
correlation coefficient of the plotted data as a function of 
an arbitrary linear horizontal scale, the correlation toa 
straight line is determined. 
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All the data shown in table 27.97 was used. Since both of 
eg =. oprabability plots seem to roughly fitia straight Li Mee 
the conclusion is that the data sets have roughly a gaussian 
distribution and as such, che standard jeviation is taken as 
a measure of the precision of the techni que- For ene 
Gwabey factor, the probable error 1S then ~ 130 BPS Fem 
the resonant frequency ; the abdove Pes! (soon probable 


error of ~ 7 ppm. 
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Se Calculating The Effect of The Non-adiabatic Boundary 
Conditions Upon The Stiffness of The Gas Within The Resonant 
Cavity 

In chapter one, two methods of calculating the bulk 
modulus of elasticity of the gas within the plane wave 
resonant cavity are shown in equation 1.81. The starting 
point of this analysis is the adiabatic form of the bulk 
modulus of elasticity given as the product of the 
atmospheric pressure and the ratio of specific heats of the 
gas within the cavity. It will be shown nee the effective 
ratio of specific heats of the gas within the plane wave 
resonant cavity will be determined by the gas content, the 
thermal properties of the physical boundaries, and the ratio 
of volume to surface area for the physical cavity. 

The temperature and relative Aumidity change the ratio 
Of specific heats in an empirical equation determined by 
Wong and Embleton [(Ref.25]. Their result is given below. 
The relative humidity (the mole fraction of water vapor in 
humid air divided by the mole fraction of water vapor in 
saturated humid air) is given by "hh" and the temperature in 


degrees centigrade is given By “t". 


1 3aag4 — A (A +0185) 


J] 


Ji 
= -S iid Se; 2 
icin, 4+ b¥IO0 t +7.5 x 10 4° 4 45x10 t Equation 3.31 
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This equation will provide the value for gamma (the ratio of 
specific heats, cp/cv) for free field reciprocity 
calculations. 

In order to consider the effect of the non-adiabatic 
conditions along the boundary of the plane wave resonant 
Cavity, the influence of the thin layer of air in contact 
with the wall upon the stiffness of the gas within the 
cavity must be examined. Since the wall of the cavity is 
made of brass, with a thermal conductivity four orders of 
magnitude greater than air, and the heat es, of the 
brass tube is four orders of magnitude greater than the heat 
Capacity of the air contained within, the condition along 
the thin layer of air next to the wall 1S approximately 
isothermal. The stiffness of this small layer is therefore 
slightly less than that of the remainder of the air volume 
within the cavity. The overall bulk modulus must therefore 
be reduced slightly to account for this effect. 

Since the ratio of specific heats given by Wong and 
Embleton is valid many thermal layer depths away from the 
wall and the ratio of specific heats for the isothermal case 
is equal to one, the effective gamma is first approximated 
by volume weighting the thermal layer with a gamma of one 
and the remaining air column with the value of gamma given 
in equation 3.31. To first order in thermal layer depth, 


this yields an effective gamma as shown below, 





Ye = Yu 7 d (Yn-4) a 
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Here, the thermal layer depth is given by (CRef. 27: opp. 


Boao), 
/: 
yg or 
Br = € WW) Co Bemation Ss. 55 





Where, 

K = thermal conductivity CJ/sec*M*degk ] 

€ = air density CKg/M~3] 

Lp = specific heat at constant pressure (J/Kg*degk ] 

WwW = 2epi.*frequency Crad/sec] 
thus, 

ox ~ (2.5E-3) /sqrif} Cmeters] 

C5 = 1.256E-2 M{short tube}, 1.718E-2 Mflong tube} 


If the end effects are not neglected, equation 2.22 must be 
modified as shown below where "L" 1s the length of the 


Cavity. 


Y= ¥,-2( a4) (a i <= | ’ ( =) 


es < L ) Sr ZK< L Equation 2.54 
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When the ends are accounted for to first order in thermal.. 
layer depth, the relative change in the corrected value of 
gamma over that which is calculated when the ends are 
neglected is .O0S percent and .91 percent for the long and 
short tubes respectively. Since the simple model used to 
obtain equation 3.32 yields an approximate correction to 
gamma on the order of 0.5 percent, the ends are neglected in 
the following analysis. 

To verify that the preceding analysis 1S correct to 
first order in thermal layer depth, a more precise analysis 
is required. When the change from adiabatic to isothermal 
is modeled as an exponential change following the known 
thermal characteristics within the right circular . cylinder 
CRef. 287, and when the boundary value for gamma 1S matched 
both at the wall of the cylinder and within the volume, then 
the volume weighting of the adiabatic Bulk modulus 15 


reflected in an effective value of gamma given by, 
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And to second order in thermal layer depth, the solution ié, 
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Settee Om 15.06 


This solution agrees with that of equation 3.32 to first 
order in thermal layer depth. This correction is~ shown 


below as a function of frequency in figure 3.20. 
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This correction, applied to the value of gamma and used 
with ambient pressure to calculate the adiabatic bulk 
modulus , provides the correction to the adiabatic bulk 
modulus of elasticity due to the non-adiabatic boundary 
conditions within a specific (the "long" tube) “eilaie 
Circular plane wave resonant cavity. 

When the restrictions given for equation 3.34 apply, the 


effective ratio of specific heats, valid to first order in 


thermal layer depth, can be put 1n amore general form: 


2 2p Suthele 
Ye = fr * (4 - Te) T Lp ‘i Jt Volumeflequation 3.37 





In general, the independent parameter used to plot tne 
magnitude of this correction to the open circuit voltage 


recelving sensitivity 1S given as "5B", where: 
A 
K Surface Aver 
11 Pp G Jt Volume 








Equation Games 
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The correction described by equation 3.37 in terms Gf oa 


sRhown in the figure below. 
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CORRECTION IN 0B FOR NON-ADIABATIC BOUNDARY CONDITIONS 


a el 
Sent ana 





ZMVO CF ZFOMKHaHOMDBDOON WYO 


c 8.8 
K 

T 

S 

3 

i g.4 
S 

I 

T 

I 

V 

t ee 


"B", THERMAL LAYER DEPTH X SURFACE AREA ~ VOLUME 


wee Sree me wis ree cr ce ee ee ee ee oe me ce cm i ce me ee ce eee i ee ee ee eee ee ee 


The correction shown above does net correct for heat 
Bemauction losses at the boundary of the tube. Heat 
conduction losses, as well as any acoustical loss, will be 
determined in the experimental measure of Gn which 1s then 
directly employed in the calculation of the acoustical 
transfer admittance, Jo. 

Since the paper of Wong and Embleton was not available 


when the computer program controlling the experiment was 
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written, a correction to the preliminary experimental 
results is needed. The experimental data that was obtained 
using the program in appendix B, used a less accurate 
correction to the ratio of specific heats ta account for the 
effects of changes in temperature, humidity, and the effect 
of the non-adiabatic boundary layer (See appendix B, lines 
37790-3810). This approximate solution for the ratio of 
specific heats must be corrected to that obtained by Wong 
and Embleton and the associated correction to the open 
Giligetie receiving sensitivity must also be made. 
Analytically, when the range of experimental temperatures is 
varied from 19 to 21 degrees centigrade and the range of 
experimental relative humidities is varied from 40% to 635%, 
the experimental result for the absolute value of the oapen 
cCireurt voltage recetving sensitivity, Mo, must be corrected 
by *.007dB throughout the frequency range uzsed as a result 
of using the ratio of specific heats in equation 5.31. Wnen 
this correction is used, the experimental uncertainty in the 
ratio of specific heats 185 that obtained by Wong and 


Embleton and is given as 400ppm (Ref. 251]. 
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d. Volume Measurements in The Plane Wave Resonant 
Cavities 

Two different right cylindrical cavity resonators were 
used in the plane wave resonant reciprocity calibrations. 
The lengths were selected so that the resonant fundamental 
in the long tube was one third the resonant fundamental in 
the short tube. This allowed direct comparison of 
experimental results obtained with two different resonant 
cavities at every third modal resonance of the long tube. 

The actual experimental volume was measured in a 
straightforward way with a slight negative correction 
necessary due to the small protrusion of the W.E.640AA type 
microphones into the cavity. The microphones were adjusted 
in position so that the longitudinal equilibrium positions 
of the diaphragms were flush with the plane of the physical 
end of the cylinder. Since there were three different 
microphone pairs each with their own volumetric protrusion 
into the main volume, three different experimental 
corrections were measured and applied to the basic volume 
found for each resonant cavity. The results obtained using 
two different gauge calipers fone Peacock caliper and one 


Kanon caliper} are shown below in table 3.10. 
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Long Cylindrical Cavity vs. Short Cylindrical Cavity, 


End area shape © Ee iideetts “‘weE lh pereal 
average eccentricity e 4.033 e ~ .094 


The following data have four significant digits: 


End area 9.2758E-4 M72 4.9577E-4 M*2 
Length 7.O120E-1°M 22 37 ee ae 
Basic volumes 6.35042E-4 M*3 1.1587E-4 M3 


Individual microphone volumetric protrusions. 


W.E.640AA Serial - protrusion 


1248 SeeO7E—7-iMee 

1082 >. O84E-7 M*2 

O8135 Su o7OE-7 Nez 
Serial pair Long tube volume Short tube volume 
W.E.540AA ‘Ss corrected value corrected value 
1248 - 1082 Se497 74S 1. 1352265457 
1248 - osis 6&.4974E-4 M*s 1,135196—4) hee 
1082 - 0815 6477747 Ss laslS2sE—4s ae 


Table 3.10 Volume measurements obtained for the 


When the relative error in each of these volumes 15 
calculated, the values obtained depend essentially upon 
which resonant cavity 1s being used. Since the thermal 
expansiom coefficient for brass 1s “1.9E-S/deg C and the 
temperature range in the laboratory was trom i9 td Lo 
degrees centigrade, the fractional error in length due to 


thermal effects was ~*~ 30 ppm. Since the uncertaint: Sia 
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measuring the length of the long tube at least one order of 
magnitude greater, the thermal effects were neglected for 
calculations of volume. 


For the long cavity, refer to equation 2.29. 





Equation 


The uncertainties in the individual measurements were found 
ho be, 
The average length of long tube = 7.012 E-1 M 
The standard deviation in length = 2.08E-4 M, based 
on three measurements made with a Kanon vernier calipers 
ser.#5K014 from the USNPGS Mechanical Engineering Dept. 
The average diameter of long tube = 3.437E-2 M 
The standard deviation in diameter = 2.8S5E-5 M, based 
on elght measurements made with a Peacock vernier 
Calipers from the USNFPGS Physics Dept. 
Next, use 1S made of the fact that with aA random 
distribution of error in the measurements, the standard 
deviation divided by the square root of the number of 
samples is the standard deviation in the estimate of the 
sample mean. With these consideratians) and including the 
systematic error iunvolved in neglecting the effects of 


thermal expansion, the uncertainty in the volume measured 


for the large tube was found to be ~ 612 ppm. 
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nen careful measurements of the dimensions of the small 
cavity were made, the model used to calculate the end area 
had to be that of an ellipse since definite major and minor 
axis were measured at each end of the tube. Using equation 
3.40, the uncertainty in the volume was calculated. The 
semi-major axis is given by "a" and the semi-minor axis is 


given by "b". 
yey 





Sa? Sb % SLY 
SV (24) - aa ; oo Equation 3.40 


The data used to calculate the experimental uncertainty in 
the volume of the small tube was measured exclusively with 


the Peacock gauge calipers and is shown below. 


The average length of the small tube = 2.337 E-1 M 


The standard deviation in length = 5.63 E-S M, based upon 
twelve measurements made using the Peacock calipers. 


The average semi-major axis of the end = 1.259 E-2 M, 
based upon twelve measurements made using the Peacock 
calipers. 


The standard deviation in the semi-major axis = 4.85 E-5 M 
The average semi-minor axis of the end = 1.254 E-2 M, 
based upon fourteen measurements made using the Peacock 
calipers. 

The standard deviation in the semi-minor axis = 5.18E-SM, 


based upon fourteen measurements made using the Peacock 
calipers. 
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Using the above values, the uncertainty found for the 
small tube is calculated using equation 3.40. AS expected, 
the relative error was greater with the smaller volume = and 
the uncertainty in the volume measured for the small tube 
(including the systematic error involved in ignoring thermal 


expansion) was calculated as ~* 1569 ppm. 
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e. Measuring Temperature and Relative Humidity 

Since both the temperature and the relative humidity 
found within the lab directly affected the ratio of specific 
heats as shown by equation 3.31 and the temperature change 
affected the thermal expansion of the brass cylinder, these 
experimental parameters were also measured. 

The measure of temperature occurred under program 
control before and after each basic 26 point data set was 
obtained. The two values were averaged and this value was 
stored with the acoustic data. Since the two temperature 
samples were obtained symmetric in time around the sample 
obtained for the center frequency of the modal resonance, 
the average value obtained is the estimate of temperature 
associated with that modal resonance. The equipment used to 
automate this measurement of temperature was a HP-3456A 
digital voltmeter sampling the output of HPO837-1064 
thermistor as directed by the HP-85 computer. The equipment 
could easily track relative temperature changes on the order 
of .O001 degree centigrade. The useful temperature range for 
this setup was -80 to 130 degrees centigrade, well beyond 
the normal range of 19 to 22 degrees centigrade found in the 
laboratory. The thermistor was sealed and placed into a 
bath of icewater where its output was observed to be +.20 
degrees centigrade which was then calibrated to the triple 
point of water (.01 degrees centigrade at 1 atmosphere) by 


subtracting .19 degrees. Thus, the fractional error in 
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absolute temperature sampled ty the system is estimated to 
be (+-).01 degrees absolute or ~*~ 24 ppm for a standard 
laboratory absolute temperature of 292 cegree=e. 

The percent relative humidity was sampled only at the 
beginning of each pregram run and was assumed to be constant 
for the duration of each run. A Durotherm relative humidity, 
Gauge built By Sussp Co. of West Germany was used to observe 
che value of relative humidity to * 1%. This observed value 
was then manually input to the computer where it was used 
for all the calculations. During the course of severai 
months, the range of relative humidities within the 
laboratory was observed to vary from 40 to 65 percent 
relative Humidity. An average daily variation of ~*~ (+-) 3S % 
occurred during those portions of the day that experimenca: 
data was normaliy obtained. Over the course of any one 
program run, the largest change in reiative humidity 
observed was 4 7, with an average change of 1%. When the 
Ilargezt change 1S consicered using equatian f4ertl, the 
fiestetiQnal errer introduced into the open circuit receiving 
sensitivity dy considering the relative Aumidity to se a 
known but constant value tor the duration of tne experiment 


was 28 ppm. 
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In addition to the sources of error previously 
discussed, two more sources were considered. First, the 
open circuit receiving sensitivity is directly proportional 
to the bias voltage used to bias the condenser microphones. 
The battery power supplies built to bias the condenser 
microphones provided an approximate D.C. voltage of * 120 
volts. Since the battery voltage depended greatly upon the 
temperature, real time sampling of the bias voltage was done 
with each basic 26 point data set using the HP-3456A digital 
voltmeter. The specifications of the digital voltmeter 
Claim a measurement accuracy of 40 ppm traceable to the 
National Bureau of Standards and this is the probable error 
used for the bias voltage. 

Second, since the frequency of longitudinal resonance 
will vary linearly with the square root of absolute 
temperature, slight differences in the calibration frequency 
of the "Nth" mode were observed due to temperature 
variations within the laboratory from one day to the next. 
The range of temperatures in the lab was from “19 to Y22 
degrees centigrade which results in an potential O.5% 
maximum shift in the calibration frequency associated with a 
particular mode. The average slope of the open circuit 
voltage receiving sensitivity versus frequency for the 


highest 10 modes was * -—.00024 dB/Hz. For comparison 
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purposes, this corresponds to roughly a .O07 dB ditference 
in sensitivity over a 28 H2 maximum frequency shift at the 
2srqd mode. This temperature dependent systematic error is 
neglected during measurements of experimental precision 
Since this possible shift 1s roughly an order of magnitude 
smaller than other observed uncertainties. 

A summary of the probable error found in experimental 
parameters 1s shown below in table 3.11. Equation 3.2 has 
been modified by deleting Fn and adding the uncertainty 
caused by the bias voltage to calculate the overall probable 
error. The result shows the relative uncertainty in the 
open circuit voltage receiving sensitivity and 1s given in 


equation $.41. 
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A 2t | Vc8 Equation 3.41 
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parameter probable error (ppm) 
expected vs. range 
1. ratio Vca/Vcb {scale”. Ss Sao0 (1900-5600) 
{non-linearity} 
2. ratio el/it 1800 (900=23ae 
a. ratio (Vdata/Vgets; 1450 ppm 
b. system capacitance; 660 ppm 
Cc. preamplifier gain; 780 ppm 
3. atmospheric pressure ao (220-120 
4. quality factor, Qn 180 (80 Serer 
3. resonant frequency, fn v6 (Sa 58 
6. ratio of specific heats 400 N.A. 
7. cavity volume, long tube 1200 (610-1 7iGF 
8. cavity volume, small tube 2600 (1600-57¢0G8 
9. Bias voltage 60 (40-60) 
Se ee eee 1 
Table S.11 Summary _of probable error in 
experimental parameters 
With these probable errors, the expected uncertainty in 


the "long tube” plane wave resonant reciprocity calibratian 


1S roughly 2200 ppm or YY .O02 dB re 1 V/ubar with a range of 


up tO 5300 ppm or ~~ <0 dB rehye 7 iba 
the expected uncertainty in the 


reciprocity calibration is roughly 2720 sanmee 


WAVE 


In the short tupe, 


resonant 


(rounding up) 


~ .03 dB re {V/ubar with a range ot up to 42.50 pom Gree 


ab rerls N7ugar: When the precision 


the 


experimental results 1s presented and discussed 


= 2246.7 — 


preliminary 


in CNateem 


IV, ae will be seen that this expected experimental 
umcertainty 1s of the same order of magnitude as the 
precision observed in the experimental results. 

The absolute accuracy of the final calibration wili 
still require corrections to the raw program output to 


accoumt for: 


- the compliance of the microphones, 

- the motional impedance of the microphones, 

- the non-standard definition of the capacitance of the 
WES40AA microphone.which includes the capacitance of the BNC 
electrical connector extending the microphone cartridge, 

- the change of stiffness of the gas within the cavity due to 
non-adiabatic boundary conditions, and 

- the corrections associated with accurate measurements of 
Capacitance for the cables, the bias Circuits, and the 
microphones (opposed to the approximate values used in the 
computer program). 


In the next section, the experimental procedure and 
associated uncertainty in the comparison calibration will be 


examined. 
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E. SIGNAL FLOW AND COMPUTER CONTROL FOR THE FREE FIELD 
COMPARISON CALIBRATION 


1. Introduction 

The intent of this portion of the experiment was to 
obtain an accurate low frequency free field calibration for 
the W.E.640AA condenser microphone as a check on the 
absolute accuracy of the resonant reciprocity calibration. 
At very low frequencies, the diffraction correction goes to 
zero CRef. 3: p.33, Fig. AZ] and the free field results are 
useful Fee comparison with the plane wave resonant 
reciprocity calibration and the standard pressure coupler 
Calibration. Since the W.E.4540AA condenser microphone. had 
such a low acoustical output in the frequency range of 
interest, a free field reciprocity calibration for this 
microphone was not obtained. Instead, sufficient data was 
obtained to compute a free field reciprocity calibration for 
an Altec type 688 electrodynamic microphone which was then 
used to compute a free field comparison calibration for the 


W.E.640AA condenser microphone. 
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2. Experimental Considerations for a Free Field 


The free field reciprocity equations developed in 
chapter one are difficult to use directly with a condenser 
microphone when used as a speaker at low frequency due to 
the low acoustic output of a condenser microphone. The 
Altec type 688 electrodynamic microphone performs well in 
this frequency range when used as a speaker. Using this 
feature to advantage, a free field comparison calibration 
for the W.E.640AA condenser microphone is more easily 
obtained. 


Starting with equations 1.30 and 1.84, we have, 


Va _ Vo 
Ma Me 


Equation 1.30 


7. 


Equation 1.84 


L. ey Va ARC 
Ma 7 ical Ve we 


let "Ma" refer to the Altec type 688 electrodynamic 
microphone and “Mb" to the W.E£.4640AA condenser microphone. 
Then, solving equation 1.30 for MB and substituting the 


solution for Ma into the result, we obtain, 
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When the standard relationship between density, atmospheric 
pressure and temperature (CRef. 9: p.40] is substitutec into 
equation 3.42, we are able to obtain the form of the 
equation used in the experiment to obtain the tree fiela 
comparison calibration for the WE. 640AA condenser 
microphone. The equation used in the computer proarem a 
appendix D ciffers only in the scale factor necessary far 


the units used. 


(D 
= 
a 
x" 
+ 
QU 
$0 
$9 \- 


Me as rel Vic " £ ie ee Equation Gee 


Here we have, in addition to the definiticns ‘ised +rroain 
chapter 1: 


Tk = temperaturs? in degrees telvin. 

To = standard temperature. (272 deg kK} 

F = atmospheric pressure. 

Fo = standard atmospher:c pressure. :1 atmos; ~l312350 Fa? 


I 


‘< density cf air at standard fressire and Cemo Shasta 
Cao) eae 


re = seoderalion in meters between sotircteS anc micY Ghote 
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The above calibration was accomplished in two separate 
steps. First, a Separate acoustic source was used to 
provide the same pressure field within an anechoic chamber 
for each of the frequencies of interest for the tiater 
comparison calibration. The program that facilitated the 
measurement of these ratios was called "VRATIO" and 15 
listed in appendix C. These comparisons were stored 1n = an 
array used in a subsequent computer program called "N28" 
that peneeomled. the translation of the W.E£.640AA condenser 
microphone while the 686 electrodynamic microphone performed 
aS a Stationary source. Program wN28" i6 listed im appendi~ 
D. The second step then consisted of running program "N28" 
at each frequency of interest. The next sections describe 


the operation of these two programs. 
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3. Measurement _of The Sensitivity Ratio, M(640R) /M(688R) 

The ratio of the W.E.640AA open circuit voltage 
receiving sensitivity to the Altec type 688A open circuit 
voltage receiving sensitivity {M(640R) /M(688R)? was measured 
using the circuit shown in figure 3.22 in the first part of 
a two step experiment to obtain the comparison calibration 
of the W.E.S40AA condenser microphone. The figure shown 


below illustrates the the signal flowpath for the electrical 


equipment involved. 
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The requirement that a free field calibration be carried out 
in a Space that 1S free from surfaces which cause 
appreciable reflection of sound and free from background 
noise which may obscure the received signal (Retr <3: -f.19) 
was met by using the anechoic chamber located at the Naval 
Postgraduate School, Monterey, California. It was tound to 
Satisfy the dimensional requirements CRef.3: p.19] for a 
measurement error of less than *O.1 GB. As will later te 
shown, a variation of Calibration sensitivity due to 
suspected reflections from apparatus in the anechoic chamber 
were observed to be on the order of YO.08 dB. 

Fach receiving microphone was hung at the same spatial 
location with a three wire support referenced to the front 
face of the microphones about five meters from the sound 
source. This was roughly three and ane half wavelengths 
separation at the lowest frequency of interest. The nearest 
Surface within the anechoic chamber was roughly two meters 
away from the three wire mounting point. | 


Program "VRATIO" worked as follows: 


Peep f. he first microphone was mounted 1n position in tre 
anechoic chamber and all visable motion was ailowed to subdsice. 
Beep 2£<- Frogram "VRATIO" was set 1ntO operation. A sepa 
speaker source 1s turned on By the computer program. es 
samples the received signal and averages twenty tive cat 
meee tredtency Of interest. These average valves are st 
an array labeled At1,M. 
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Step 3. When the program has completed sampling the first 


microphone, 
microphone. 


it pauses and asks the Operator to mount the second 


When the first microphone is removed and the secocna 


mounted, and all swaying stops, the operator indicates tnat the 


microphone exchange is complete by pressing CONT. 


step 4, 


The program samples and averages twenty five data 


| 


points per frequency of interest and stores the average values 1n 
the array A(2,M). 


step S. The program calculates and prints the ratio 
AC1,M)/A(2,M) and stores the result in array R(1). The standard 
deviation for each ratio 1s printed as "SQR‘S)" and the program 
rum 1s complete. 


The results of the first step are given below. 
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results obtained in an anechoic 
chamber using a speaker source 
at a distance of five meters 
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Figure 3.2.2. The sensitivity ratio obtained for 


S540R/608R. 
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levels for type 


shown below. 
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When the response of 


the 


688 electrodynamic microphone 1s 


eae 


divided point by point into the response of the 640 
condenser microphone, quantitative agreement with the 
experimentally determined ratios shown in figure 3.23 is 
obtained. The values so obtained did result in the expected 
response for the condenser microphone. The actual free 
field calibrations obtained for the W.E.540AA serial #1248 
condenser microphone are shown as the larger circles in the 


W.E.440AA sensitivity plot) 
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A sketch of the experimental equipment used to make the 
final free field reciprocity measurements is given in the 


figure below. 


HP-85 computer 
HP-3325A : 
synthesizer JZK HP-5613 
function counter 


generator PAR 5204 
IGCK =n 
analyzer 

reference Signal | ythaco 


current measuring model 
resistor 120m 


as ~~ Fe UL KP eee, 
ae veer 
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—— a computer controlled 
drive motor microphone translator 


A description of the operation of this final step in the 
free field comparison calibration is given below in the 
description of the operation of the controlling program. 

The third computer program given in appendix D, was 


written to control the second half of the free field 
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comparison calibration based upon a reciprocity ( 
calibration. After the initial operator inputs are made, 
the data is sampled, analyzed and stored on magnetic tape. 
Separate computer runs are required for each frequency of 
interest. The operator must remain present during each data 
run to respond to interactive computer inputs. 

The initial operator inputs are: 

- insert comparison ratios for each frequency of interest 
into the program. (See Appendix C for the program used 
to obtain these ratios.) 

= input the plane wave tube modal number of the resonance 
frequency desired. This will allow later comparison with 
the plane wave pressure calibration results after the 
diffraction effects of the free field calibration are 


subtracted out. 


= input the driving voltage to be used by the synthesizer/ 
function generator. ( 


= input the S204 lock in analyzer’s sensitivity scale. 
= input the 35204 lock in analyzer’s time constant. 


= measure and enter the starting separation distance (cm) 
between the source and the receiver. 


= measure and enter the 4 - wire current limiting resistor 
used in the driving circuit. (ohms) 
The computer program will then perform the following steps; 
Step i. The function generator/synthesizer is set to the proper 


drive voltage and frequency. The source is turned on and the 
receiver output is monitored. 
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Step 2. The program samples the peripheral equipment for 
atmospheric pressure, ambient temperature, and the receiver bias 
voltage. These are temporarily stored 1n computer memory. 


Step 3. The counters for the optical revolution counter are 
initialized. (The resolution is 1000 "counts" per 1 complete 
turn. One complete turn of the threaded drive shaft moves 
the receiving microphone about 1/8 of a centimeter.) 


Step 4. The driving voltage for the main drive motor is turned 
on for exactly six seconds and then removed. 


Step 5. The system waits fifteen seconds for all transverse 
motion to damp out. Then the program then takes thirty sequential 
samples (at intervals of three electronic time constants) of 

the received voltage. After averaging, the data is temporarily 
stored. 


Step 6. When the eighth drive interval is complete, and the 
sequential sampling is complete for that interval, the program 
asks the operator to enter the anechoic chamber and measure 
and input to the program the separation between source and 
receiver. This will allow a spot check on the relative error 
of the measuring technique used by the operator. 


Step 7. Return to step 4 and continue until twenty separation 
distances have been sampled. At the end of twenty intervals, the 
source is turned off, the bias voltage, ambient temperature, and 
atmospheric pressure are sampled and averages are obtained with 
the data obtained in step 2. These averages are then stored on 
magnetic tape. 


Step & The program asks the operator to enter the anechoic 
chamber and measure the final separation and enter it into the 
computer. 


Step 9. The initial and final operator entered distances allow 
the program to scale the counter registers. Arrays containing 
scaled values of received voltages and scaled values of the 
related separation distances are displayed to the operator and 
stored on magnetic tape. 


Step 10. The program then performs a least squares fit of the 
received data to { V(r) = EOQ/Cr + a] + ris the computer 
measured distance corresponding to V(r), and “a"“ is correction to 
the separation distance needed to obtain spherical spreading. 


Step Ii. The values for EO and "a" obtained by the least squares 
#it are printed for operator use and stored on magnetic tape. 
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Step 12. 
viewing. 


Step 13. 
operator 
the data 


Step 14. 
tape the 
function 


Step 15. 
operator 





The program prints a plot of V(r) vs r for operator ( 


The program prints a plot of log(fV(r)J] vs log(rij for 
viewing. Here a straight line indicates the region in 
array where (1/rj spherical spreading occurred. 


The program calculates, prints and stores on magnetic 
receiving sensitivity for this particular frequency as: 
of range. 


The program shuts down awaiting a new set of initial 
inputs to go to the next frequency of interest. 


The following three figures illustrate the output available 


to the operator as the above program is run. The data shown 


below was obtained for the 735 hz comparison calibration for 


W.E.6540AA Serial #1248. The 4-wire resistance measurement 


obtained 


current, 


previously for the calculation of the source 


i1, is output just before the raw data is printed. 





The parameters, "VO", "a", and the correlation coefficient, 


"R" refer to the least squares fit to VO/(rt+a) for this data 


used by 


the program. "N" is the number associated with a 


particular distance; "RUN" refers to the distance in cm. 


travelled since the last measurement; "R(CM)" refers to the 


separation distance in cm. between source and receiver for 


a particular measurement; and "VOLTS" refers to output 


voltage 


distance. 


measured across the microphone at a particular 
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Es cS Ml voip, 
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2 =o Wt) = 06ClLeasSt square errar 
ee ae 
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Parlier. 
AVEr Age ratio, determined vil eh 
i} pregram VRATIO. 


Za5 = 


At each frequency there were twenty measured values of Mo 
corresponding to the twenty different measurement 
distances. The statistics shown at the end were computed 
using all twenty data points although the last figure only 
shows the last nine calibrations. 

Before the final results can be plotted and interpreted, 
error analysis and potential corrections need to be 


considered. This will be done next. 
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F. EXPERIMENTAL ERROR FOR THE FREE FIELD COMPARISON CALIBRATION 


1. Introduction 
The equation used for the receiving sensitivity based 
upon a free field reciprocity calibration is derived in the 


Previous section and is given in equation 3.43 which is 


reproduced below. 


Ip, 
Me E: ay Ve Ve cae on 
ai VA fv { a ie 


Equation 3.43 


The source current, il, is not directly measured but i15 
determined from the voltage drop across a resistor in the 
speaker circuit and a four wire measurement of the 
resistance of this resistor. When the ratio Vidrop)/R4 is 


substituted for il, we have, 


Vn 


Me = (4.303) C4 Rt Va Jn 


a Equation 3.44 
Video Va iP : 7 . 


The expected probable error based upon this equation will be 
somewhat different than the probable error found for plane 


wave reciprocity. 
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The variables in equation 3.45 are defined as: 


ae 


Vdrop 


R4 


Vb/Va 


FO 


Eb1as 


the received voltage measured with the FAR S204 
lock-1n analyzer. 


the voltage drop across the current limiting resistor 
found in the driving circuit. Used to measure the 
Griving current. This was measured with an HF-2428A 
digital multimeter. 


The current limiting resistor used in the speaker circu 
This was measured with a 4S4-wire resistance measurement 
using the HFP-34356A digital voltmeter. 


Comparison voltage ratio measured by the program | 
"VRATIC" described previously. Both of these voltages 
were measured on the FAR 5204 lock-in analyzer. | 
Temperature i1n degrees centigrade. The HF-3456A dig: ta. 
voltmeter was used in conjunction with a tnermistor 
(accessory No. 44414A) to sample temperature. 


a nd 
Sr 


ti 


Ovi 


i 


The measured separation distance corrected +tcr a 
menters. 


Stnospheric pressure (mmHG) monitored and ave-~aged 
GUeciaGg the Gata run. ynN1sS parameter was ABbtaAINEed Usi sg 
the same experimental setup as was used and describec 
in the previous section +tor plane wave resonant 
recloreoci cy. 


The frequency (hz) of the source signal. These 
frequencies were selected as multiples of 245 Hz tor 
ease of comparison with the plane wave resonant 
reciprocity Cai lbrati ome. 


The BSBias voltage used tor the W.F£.64UARA COoncenser 
microphone. 
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These parameters and their calculated probable errors 
must be measured and included in the calculation for "Mb". 
The error analysis for the value of the atmospheric 
pressure, the temperature, and the frequency are the same as 
previously done in the case of the plane wave resonant 
calibration. The experimental methods used to measure the 


remainder of these parameters is presented next. 
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2. Measuring The Open Circuit Receiving Voltage, _e4 

ae Analysis of The Electrical Circuit Used to Measure 
eo 

The received microphone voltage was measured in the 
manner shown in figure 3.25. The simplified circuit shown in 
figure 3.6 still applies to the analysis of the received 
Signal. However, due to the different cables and cable 
Capacitances involved, the values obtained for the transfer 
function will be slightly different. Equation 3.11 is still 
used to calculate magnitude of the received voltage. The 


Value "el" has been replaced with “e4" to conform to the 


notation used in the free field experiment. 


V5 


2a = (B) as) |S) (See) 


Equation 3.11 


Since the Cwe*R*Cm] term in the calculation of e4 i185 
negligible for the purpose of error analysis, it will o5be 


neglected. The error analysis for e4 is given below. 





/ 
2 U on 
Sed ST BVdata| SG t (sate 
ee : B Vidette, qe \ + ST Equation 3.46 


gene Tf oc! 


Since the fractional uncertainty in the capacitance term 
may be calculated from previous uncertainty analysis (with 
Ct*255 Pf.), and specifications for the PAR S204 claim an 
uncertainty in the B*Vin product to be “14 (although 
experimental measurement of consistency between attenuators 
and amplifiers showed a 0.2% accuracy), only the uncertainty 
in the amplifier gain for the Ithaco 1201 preamplifier 
remains to be be dbetrei naa prior to calculating the total 


fractional uncertainty in e4. 
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a Determination 


1201 Preamplifier 


of Gain Uncertainty for The Ithaco 


The Ithaco preamplifier was used in the anechoic chamber 


because of its self contained Battery power supply. In the 


anechoic chamber, severe 


electrical noise was preventing 


experimental progress until the Ithaco preamplifier was 


employed. Acoustically, 
Electrically, it had 60 
is a plot of the gain 


Ithaco preamplifier when 


the anechoic chamber was quiet. 
cycle interference. The following 
characteristics obtained for the 


operated on AC power as compared to 


operation with the internal battery. 
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Ithaco gain using normal a.c. 


POO21 2 


39.98 


# Ithaco gain using battery 


(SISK 





19.94 
6 1200 2400 3600 4800 6000 


Frequency (hz) 


ee ed em ee ee ae 


When the battery was fully charged, the galn 4aocranimaced 
that obtained using AC power. Atter several aays wuUSée, a 
noticeable drop to the extent shown was cdOservedcd. The 


fractional difference between dsattery power ana AC DOW2r 215 
seen to be roughly 0.08%. This 890 ppm Fractional change is 
used as an estimate for the uncertainty in tne battery 


powered gain. 


~ 241 - 


c. Computation of The Uncertainty in The Measure of e4 ( 

The following are a list of specifications/parameter 
averages for use in equation 3.46 to estimate the probable 
error in e4. 


- typical value for e4 * 1.0 E-4 volts (obtained from figure 
322) 

- preamplifier gain, G * 10 

- uncertainty in gain, delta G ~* 800 ppm 

- scale factor x volts in product, BVin * 6.1 E-5 volts 

- total capacitance, Ct * 255 pf 

- microphone capacitance, Cm * 50 pf 

- although the PAR 5204 specifications claim an uncertainty in 
BVin product to be delta Bvin ¥Y 1% (if the magnitude option 
is factory installed), experimental measurement of the 
consistency found between attenuators and amplifiers shows 
an accuracy of 0.2%. 

- uncertainty in Ct obtained from previous section’, delta Ct 
Te loot 

- uncertainty in Cm obtained from the previous section, delta 
Cm ¥ .002 pf 





When these values are used to calculate the components of 
equation 3.46, an estimate for the probable error in e4 is 


obtained. 

; yh 
eS e ce 

"eq — (acco) 7 (800) a (sas) Equation 3.47 


Thus, the total probable error in e4 is’ estimated to be 
~ 2220 ppm. 
Next, the analytical considerations for the experimental 


determination of the measure of CVdropJ will be discussed. 
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S. Analytical Considerations for The Measurement __of 
Vdr op 

a. The Measure of Vdrop 

The voltage drop across the current limiting resistor 
was continuously monitored using a HP-3698 digital 


multimeter included across the circuit. See figure 3.30 


below. 








HP 3698 
Oi Gileae 
MULTIMETER 









A Ooec on 
SYNTHESIZER - 
FUNCTION GEN 






The determination of this voltage drop was 


straightforward and was done for each frequency of 


= 293 = 


interest. Unfortunately, unacceptable cross talk occurred 
when any attempt was made to use the same equipment in both 
sides of the system under computer control. As a result, 
the lock in analyzer could not be used in the transmitting 
Circuit as it was already employed in the receiving 
Circuit. To avoid the cross-talk problem, the voltage drop 
was calculated from a linear least square error fit to 
experimental measurements of (CVdrop = a*Vask + bJ measured 
at each frequency of interest. The values of “a" and "b" so 
found are shown in appendix D in lines 4000 to 4070. The 
uncertainty in the voltage measured as "Vdrop" was taken 
from the equipment specifications as (0.29 plus) 163/freq)Z 


and is calculated as ¥ 53120 ppm at 735 Hz. 
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The current limiting resistor was specially chosen’ for 
its low temperature coefficient over the temperature range 
expected within the anechoic chamber. Tt was mounted in a 
shielded box with permanent electrical connections wired in 
to facilitate a four-wire resistance measurement. Based 
upon the equipment specifications of measurement accuracy of 
(.0045 + 4/resistance)% for the four wire resistance 
measurement obtained using the HP-3658 digital voltmeter, 
the probable error in R4 was’ calculated to be ™~ 651 ppm. 
The thermal instability of the resistor used over the 
temperature range of 17 < T < 22 degrees centigrade was 
experimentally measured and the data was fit using the 
method of least square error. The oom is given below 


where T is measured in degrees centigrade. 


(5.3a8gnio )T + 66.658 [ omms 


Equation 3.48 


RY = 


When the range of temperature from 17 to 21 degrees 
centigrade is used, the probable error due to the neglect of 
temperature variation in the value of R4 ¥* 160 ppm. Thus 


the total probable error in R4 is ™* 670 ppm. 
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S. Measuring The “Acoustic” Separation Distance 

ae Introduction 

The distance between the faces of the microphones was 
measured three times during each run of program "N28". The 
starting distance between the faces of the microphones was 
the first distance measured and manually input to the 
computer. A steel tape measure was attached to the source 
microphone support and could be rotated into position for 
distance measurements. When the acoustic data was being 
sampled, the steel tape was positioned behind the source 
microphone and did not significantly interfere with the 
acoustic data by introducing additional scattering in the 
system. The second distance was measured approximately 
halfway through the computer controlled spatial translation 
of the W.E.640AA microphone. The program stopped taking 
acoustical data and requested the operator to enter the 
anechoic chamber, rotate the steel tape into position, 
measure the distance, stow the tape, and seal the anechoic 
Chamber. When this) distance was manually entered into the 
computer, the program continued with the translation of the 
W.E.640AA and the acoustic sampling. The final distance was 
measured at the end of each translation run and manually 
entered into the computer. The spot check of measured 
distance as shown in figure 3.27 normally indicated a small 


discrepancy between the computer calculated distance which 
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was based upon the operator entered initial and final 
distances, and the measured distance at that point. The 
results usually were on the order of a few tenths of one 
percent relative error. An average value of this 
discrepancy was * 0.5% . This value is used as the estimate 
of the precision in the measurement Of "acoustic 


separation". 
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b. Determination of Spherical Spreading 

A direct plot of V(r) versus r does not yield the 
desired (1/rj] spreading loss. When a correction is added to 
the measured separation distance, n, to obtain the 
“acoustic” separation distance, ros a plot of this 
"acoustic" separation versus V(r) yields a perfect (1/r’'] 


plot. The correction, "a", to the measured separation 


distance is obtained by a linear least square error fit 


applied to the rnaverse of V(r)=Vo/C€(r+al]. Here "r” is the 
measured separation distance and (rta] is the "acoustic" 
separation distance. Vir) ais the received open circuit 


Signal voltage. The slope of the least Square error fit to 
a straight line equals [C1/Vol] and the intercept equals 
Ca/VoJ. The correction "a" is obtained by dividing the 
“intercept” by the "slope". If this correction is not made, 
the fractional error in the free field calibration will be 
Significantly larger. A plot of V(r) versus both the 
measured separation distance and the acoustic separation 
distance is seen in the figure below for data measured at 


490 Hz. 
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The uncertainty of the correction applied to the 
measured distance was found to vary approximately ~* 5.0% 
from one run to the next. With a correction magnitude of 
about ~*~ 2 em., this yields an uncertainty in this correction 
oo 6™ClC<“<«<«C CWwWCCCM The resolution of the tape measure was 
estimated to have a systematic error of * 0.05 cm. Finally, 


for a typical distance of 30 cm., the measured precision of 
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the separation distance of *“O.54% yields a calculated 
uncertainty of * 0.15 cm. 

The total probable error for the measure of the 
separation between microphones is calculated to be the 
square root of the sum of the squares of the uncertainty in 
r, the uncertainty in the correction, and the estimate of 
systematic error. 


Sr 


———e 


c. c! Equation 3.49 


F (set + GG sevens) 


Thus, the total probable error in the measure of the 
acoustical separation between microphones at ae typical 


separation of 30 cm. was estimated to be * 6240 ppm. 


= Z2s05e4 


The procedure used to measure this voltage ratio has 
already been discussed in section C.2. As was seen, the 
precision of the measure of this ratio varied from frequency 


to frequency. Figure 3023 is reproduced below for 


convenience. 


60 


results obtained in an anechoic 
chamber using a speaker source 
50 at a distance of five meters 


40 
50 


20 


Sensitivity ratio 640r/688r 





10 
Q 1600 3200 4800 6400 8000 


Frequency (hz) 


The precision of the different values measured for (CVb/Vaj 


is seen to vary with frequency. When the average of the 


= £9.) .— 


different precisions is taken as an estimate of the probable 
error and the average fractional error is taken to represent 
the experimental uncertainty, delta (CVb/Vaj was calculated 


as roughly ™* 6300 ppm. 


"2.2 5 


7. A_Summary of Experimental _Error_for The Free Field 


The probable error for each measured parameter is 


summarized in the table shown below. 


parameter probable error 
(in ppm) 
* frequency 7 
* pressure 320 
* temperature 34 
*% Ebias . 60 
a4 2220 
Vdrop 2120 
R4 | 470 
r (acoustic) 6240 
Vb/Va 6300 


* These probable errors are explained in an earlier chapter 
on error analysis for plane wave resonant reciprocity. 


The total error in the ‘free field sensitivity 
Calibration is given by the equation shown below. Note that 
the uncertainty in the bias voltage is included as it was in 
the previous section for the plane wave resonant reciprocity 


calibration. 
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Seas SV t a se ge 
OMe = 5 CS) * a) 7 Va 
6 A 


ST psel\t (SP She, (2 SENT 
(=| 4 aaa) - (33) (=) aS ( Ebia Equation 3.50 


The total calculated probable error in the free field 
comparison calibration is taken as one half the square root 
of the sum of the squares of these individual probable 
errors and is calculated to be approximately * 5,300 ppm. 
This is on the order of %*O.05 dB re 1 volt/ubar when applied 
to the sensitivity calibration. 

However, one additional experimental uncertainty was 
observed when the free field sensitivities were plotted with 


respect to the distance, r. 
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microphone sensitivity equals 
relative sensitivity minus 48 
_9.62 | (dB re 1 V/ubar) 


ran 


ive sensitivity 


irelat 


7 
lay 25.2 29.4 35.6 41.8 48. 
mic separation in cm 


The spatial variation observed in this plot is cyclic over 
roughly * 18 cm. This is not explained by standing waves 
between the source and receiver nor by reflection from any 
reflecting surface located along the acoustic axis. This 
suggests a more complex but unknown interference pattern as 
the source of this variation. When this observed variation 
Of approximately *.035 dB (roughly 4040 ppm), is included 
with the 5,300 ppm probable error previously obtained, the 
Overall uncertainty in the free field comparison calibration 


1s calculated to be *6,700 ppm or .06 dB re 1 volt/ubar. 


=o 


IV. SELF CONSISTENCY OF THE PLANE WAVE 


i tt i i i i i i ee 


A. INTRODUCTION 


Three different "experimental calibrations” of the same 
microphone were examined to experimentally obtain the 
precision associated with the plane wave resonant 
reciprocity calibration provided by the output of the 
computer program listed 1n appendix B. 

First, the external electronics package normally 
connected to the side "A" microphone was switched with the 
external electronics package normally connected to the side 
“B" microphone. The precision associated with this 
electronics “Swap" was then experimentally observed. This 


exchange 15 illustrated in the tigure below. 
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LONG PLANE WAVE 
RESONANT CAVITY 





length = 70.12 cm 


inside diameter = 3.44 cm 
material = brass 


On. 755 lz 
4 
¥ 





lONGUN = 2595.7 con 
Inside diameter = 2.51 cm 


material = brass 


Third, the reference microphone was calibrated opposite 


.rfferenc 
reciorocal microphones of significantly Ral e 


, G Ines Used 
sensitivities. In the case of the WE6G40AR microphse tb 


pu 


here, this difference in sensitivity level was rougnly 4+ a 
over the frequency range considered. 

Finally, whatever the configuration, each tine the planes 
wave resonant reciprocity calibration was calculated, a $1: 
way round robin self cansistency check was cGtai120 £as 
described in chapter two. In this procedure, two 2a 


yn = F 6the three is cr ae 
Calibrations were obtained fi.r each af the thre i 
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involved in every piane wave r2sonant Pe Clipt el es 
@olidration. One calibration was bdasecd upon the adssolutis 
plane wave resonant reciprocity cCalibdration of microphone &A 
and the other calibration was Based upon the absolute plane 
wave resonant reciprocity calibration of microphone B&B. The 


entire “set” is listed below: 


Ma —- plane wave resonant reciprocity calibration of 
mic "A". 

Mab - comparison calibration of mic "A" based upan the 
rPeGCip@eerty Calioratiron of mic “B". 

Mb) 6 - plane wave resonant reciprocity calibration or; 
MLC Clb 

Mba - comparison calibration of mic "B" based upon the 
ReCcibm@@eney CaliSration of mic "A". 

Mca —- Comparison calibration of mic "C" Based upon «the 
reciprocity calibration sf mic "A". 

Mcb - comparison calibration of mic "CC" Based upcn the 


Peel oroci ty sGaliuratl@m ofr mic “B". 


Five different electromechanical configurations were 
necessary to observe the precision or these @.perimeniai 
Catibratioans. Mm O'PSGUSslenm Gr these configurations and the 


results cbdteinec wiil be given next. 
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B. THE OBSERVATION OF EXPERIMENTAL PRECISION 


The five electromechanical configurations used te 
determine the experimental precision are shown in the figure 


belows 





1248A- Th Knowles 
110828 










mic C 





1248A 
Knowles 
Knowles 
IV. . 9 
| Short tube: [mes | 
; + 0815B 


1248A 


micC ii Knowles 





The "A" or "B" subscript to the WES40AA condenser microphone 
serial nmumbers refers to the external electronics 


configuration of bias box and preamplifier used for that 


rn aa lis 


microphone in a particular calibration run. Throughout the 


calibrations obtained using the above configurations, 
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microphone serial #1248 was the "reference" micraphene wacse 
plane wave resonant reciprocity Calibrations were ultimatel, 
compared with a pressure coupler calibration obtained for 
the same microphone at the National Bureau of Standards. In 


row I. of figure 4.3 above, the WES40AA microphone serial 


#12498 was calibrated in the Tlong tube using side "" 
electronics. In row II. of figure 4.3, tne reference 
microphone was calidrated using side "A" electronics. Tri 


row IIT. of figure 4.3, the reference microphone 16 paired 
opposite WES40AA serial #1082 which 1s approximately four dB 
less sensitive than the WE640AA serial #3915 previcusly 


used. PiewowS save =~ V., Of figiire 4.5, the short tube 15 


CA 


used to pair the reference microphone with the sSérial #514 
and serial #1082 microphones, respectively. A compiiation 
of the "raw calibraticn" program output for these different 


configuratrons is tabulated beiaw. 


= Zot — 





— ee ee ee er er ere ere ccm cm ee ee ee ee ee rr me ee em eee eee eee eee ee lk oocis,) cate Y cms see = 





volt/ubar.) 
(The frequency of the calibration equais the mode # times 245 Fam 





Long tube Short tube 
average 
mode # Configuration/average Configuration/average long- 
& Sigma & Sigma average 
short 
es Lie Pe Slee ee les ae Ve 
1. ~-48.98 -48.93 -.05 -48.89/-48.9:3 
- 0S 
Ze 43.95 =48.935. 200 5-482 9s7 443s 
200 
=. 748.87 -48.89 +.02 -48&.88/-48.938 —-48.8/7 —-43.33/-43)2 2 
ot ae 
4... 389.90 =—48-68. 5.02). -4erge7 eens 
~O1 
og. ~48.82 —48.87 +204 =48786/-—49 722 
oe 
&. —-48.88 -48.86 -.902 -48.835/-48.86 -48.31 -493.81/—-%83 02 
SA oe 
7 TAS. /7 =69280 "420 ge Ae Sl ae, 
ae) Re 
Ge =4O.77 =48. 74 2008" §=48. 757 ea 
ele 
9. ~48.63 -48.49 +.06 —-48.67/-48.56 -48.71 —-48.68/-—435 7 =e 
ete Oe 
10. —-48.71 —88.69 —.02 48677-42457 


aia 


=" my 


tt. ~4$.60 -48.66 +.05 -48.64/-48.63 


=< 


GDS 

127. —-48.463 -48.61 -.02 —-48.460/-94.61 -48.61 -468.55/-4E. 500 “ot 
St ae 

ioe =—G8.5 5° =46.90 +e —-498.57/-46.56 
re & ae 

Lee =—Ssosoe =4e. ao OU) -48.56/-48.57 
st et 

iS. -4$8.55 -48.58 +.03 -48.356/-48.56 -48.50 -48.57/-48. 432 ~ ug 
Pe 16 . oO 

6. —46.5.4 —48.356 7205 ~48.52/-4838.54 
ots 

17. ~-48.54 -48.5398 +.04 —-439.3535/-48.56 
Ce: 

Coe Sowell Sa eo eee -G46,52/7-46.55 —-48.350 ~-42294 2 oe -~ 
pe Ge ak 

[°o.. -44 397 -48.602.77. 04 —~48.697 -4:35.5) 


“4 


Pee, Oe 


ae Oe 





Miva osde JD —46G,6o +.99 -48.359/-43.59 
24 
Pees. Foe ool 7l —./7 —-48.77/-48.74 —-48.70 -48.638/-46.59 -.0% 
04 eolal 
fests. /59 —-46.78 +.03 —-48.85/-48.79 
os 
fPeeerm. 7 —46.95 -.01 -—-49.,00/-48.97 
Clas 
note li: The data for mode #21 in column I 18 1gnEOred in the 
Statistics for that row as bad data. 
note 2: The various configurations of microphones and 
preamplifier systems (J., II., etc,...) are found in figure 4.2. 


i in rr Bi in ile cette ee Er etn ind 


When the statistics of the above data are determined, the 
Sigma of the average modal calibration level is %*.02 dB for 
both the long and short tube data. Additionally, with the 
exception of the data obtained at mode #9 (2205 hz), the 
short tube caiibrations averaged *.95 dE greater sensitivity 
level when compared to the long tube calibrations. iis 1S 
in the direction expected since the negative correction 
necessary to acztount f Gita the finite compliance of ene 
microphone is Greater in magnitude (“as =ehewn if “ne Wee 
Chapter) when the microphone 1s mounted in the snaller pBirane 
wave resonant cavity. 

Mext, Ene FOUNCG-Frob1in precision asso0ciatec with eacn 


modal calibration 1s discussed. 
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C. THE PRECISION FOUND FOR THE ROUND-RG@EBIN Shh es 


For each of the configurations shown in figure 4.5, the six 


way round robin 


comparing the two 


consistency check was cdtained by | 


different 


Calibrations 


one of the three microphones involved. 


lists the results obtained 


these two calibrations. 


EGontiguraticns i 


comparison. As shown 


Ore weine 





obtained for any 
The following taple 


relative error between 


The relative error obtained using 


and 


is 


figure 4.3, 


Oresented below fer 


configurations Tf! and 


ITI used the long tube while configuration IV usec the short 


tube. In eacn case, the relative error was calculated as, 
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11 2695 —-.144 -.900 
eZ 2940 aig 8 2 EA -.001 =—.070 
13 3185 —-.906 -.9001 
14 3430 -.O16 —-.009 
15 36735 -.906 +. 004 =e Oe 
16 3920 -.017 -.005 
17 4165 -.003 +.055 
18 4410 =.0O17 -.901 = 5 (07 
Wd 4655 O11 -.O0O1 
29 4900 +.060 +.058 
21 27145 -.021 -.008 =.910 
22 3590 =a Ola -.009 
25 7635 a. 007 -.065 


—- op Ge ee ee ee es me ee ee ee ee ee ee wr es es es es ee se eee ee ee ee ee ee — = SS a ee Ge 


The worst comparison between Ma and Mab was found = for 
configuration II at mode 11. For this worst case, the 
fractional error was 0.144 %. This corresponds to a 
Calibration difference of *.013 dB in the sensitivity levels 
obtained for Ma and Mab. The average value of 
(Ma-Mab)/(Ma+Mab) was found to be 9.026 % which corresponds 
to an average calibration difference in sensitivity levels 
aio 2002 dB. Thus, the round-robin self consistency check 
shows an average difference between Ma and Mab of ~,004 dB. 

The next examination of experimental precision will deal 
with that precision found when the external combination of 
preamplifier and bias boxes on sides "A" and "B" are 


exchanged, 
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D. THE PRECISION ASSOCIATED WITH THE SWAP OF SIDE "A" AND SIDE 


"B" EXTERNAL ELECTRONICS 


In table 4.1, a comparison of the results found for 
configurations I and II will yield an estimate of the 
experimental uncertainty due to inaccuracies In the 
electronics systems calibration. From the data so obtained, 
it is impossible to determine if there was a significant 
systematic error applied equally to the calibrations of both 
electronic systems. Any such error will appear in the 
absolute comparisons which will be given in chapter five. 
The average difference between configurations I and II was 
-.018 dB. The standard deviation of this quantity was .035 
dB. This indicates that the experimental limit in the 
temperature independent calibration of the electronics was 
reached. AnY systematic error introduced as a result of 
calibration differences exiveeing between the side “A" and 
side "B" electronics was masked in the standard deviation of 
Ma(i248) minus Mb(1248). 

Next, the precision of the "A" side serial #1248 
microphone calibration is determined as the microphone on 
the "B" side is changed to one of significantly different 


sensitivity. 





Pe eee tolONCORTAINED BY REPLACING THE SIDE “SB RECTRPFOCAL 
MICROPHONE WITH ONE HAVING A SIGNIFICANTLY DIFFERENT SENSITIVITY 
(4 DB) 


When the results obtained with configurations II and III 


shown in table 4.1 are compared, the ex<perimentai 
uncertainty due to exchanging the side "B" reciprocal 
microphone is observed. The average difference here was 


-.0O1 dB with a standard deviation in this difference of .97 
ae. Again the observable systematic error shown by tines 
average difference was less than the statistical uncertainty 
in the procedure. This result shows that there was no 
statistical difference in the calibration of the reference 
microphone as the sensitivity of the side "EB" microphone was 
changed. 

Next, the precision associated with replacing the long 


tube with the snort tube is discussed. 
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F. THE PRECISION ASSOCIATED WITH REPLACING THE LONG TUBE WITH 
THE SHORT TUBE AS THE PLANE WAVE RESONANT CAVITY 

When the results obtained with the long tube were 
compared with the results obtained with the short tube, the 
average absolute difference in calibration was .05 dB with a 
Standard deviation of .03 dB. In six of the seven 
frequencies used for comparison of the calibration results 
(configuration II data vs configuration IV data), the 
sensitivity obtained using the long tube was less than that 
obtained using the smaller tube. This relative difference 
in raw sensitivities is expected as shown by the calculated 
magnitudes of the impressed pressure correction which are 
provided in chapter five. 

In the following section, a summary of the experimental | 
precision found for the plane wave resonant reciprocity 
method will be presented and the average uncertainty in the 


experimental precision will be computed. 
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G. A SUMMARY OF THE EXPERIMENTAL PRECISION FOUND FOR THE FLANE 
WAVE RESONANT RECIPROCITY CALIBRATION METHCD 

The summary of experimental results is shown in the 
table below. All Calibrations values are in dB re 


ivolt/ubar and are for W.E.S540AA serial #1248. 


—_— a oe ce ce ce es es ce ee ee ee es es es ee ee es eee ss es ees es es ee es es esc cc ce em ees ee eee ees ee” 


all dB re 1V/ubar 
Observation Average (dB) Sigma(dB) 


Electronics swap 
124SA/815B minus 
815A/1248B Sie ls POog 


Side "B" exchange of 

reciprocal microphone 

1248A re 8135B minus 

1248A re 1082B are Ge, ples, 
Long tube vs. Short tube 

1243A/815B re long minus 

1248A/815B re short eee es 
Round robin self consistency 

comparisons for configurations 


meee til, &» IV. 
ass ((Ma-Mab) / (MatMab) ) Pa | bok oe 


mmc cee re = ee ces ee ec ce ce ere cr cr cr ee we ee er es es ee ee 


From the data Summarized in the above table, (ite FS 
obvious that the comparison between Ma and Mab in tre seit 
consistency chect pom etl the plane Wave r2=zonant 


Calibrations 1s an order of magnitude smalier tman the other 


= 2209 = 


observed uncertainties. This suggests that the 
repositioning of microphones and equipments in the different 
configurations may be a major source of the uncertainties. 
Since systematic differences are expected when comparing the 
long vs short tube results, the sigma for this difference is 
not apart of the overall uncertainty. The square root of 
the sum of the squares of the sigmas for the electronics 
Swap and the exchange of side "B" microphones will be the 
experimental estimate of the overall precision. This 
estimate of the experimental precision for the method of 
plane wave resonant reciprocity is ~*~ .045 dB. 

In the next chapter, corrections that are necessary for 
the absolute comparison of the plane wave resonant 
reciprocity calibration to the results of other calibration 
techniques will be discussed. The microphone used for all 
these absolute comparisons will be the WE640AA serial #1248 


condenser microphone. 
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V. ABSOLUTE ACCURACY OF EXPERIMENTAL RESULTS 


A. INTRODUCTION 

With the self consistency of the calibrations using 
plane wave resonant reciprocity established in chapter four, 
several corrections to the raw computer output must be made 
before comparisons can be made between plane wave resonant 
reciprocity calibrations and NBS pressure coupler comparison 
calibrations. The raw computer output shown below was 
obtained using experimental configurations I through V 
listed in chapter four, figure 4.3. These are plane wave 
resonant reciprocity calibrations for the W.E.640AA serial 


#1248 condenser microphone. 
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No 


0 1600 3200-4800 6400 8000 
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me em me ee eee eee oe 


To obtain the final values for the absolute plane wave 
resonant reciprocity calibration, four corrections must be 
made to the "raw" program calculation of Mo. The first two 
are general corrections to the "ideal" resonant reciprocity 
Calculations incorporating equation 3.1 into the computer 
program. The third results from the experimental procedure 


employed. The forth has three parts and corrects for 
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deliberate errors introduced into the program tor 


experimental convenience. All the corrections are 


summarized below. 


i. 


The_impressed_ pressure correction. The 


correction due to the finite compliance of the 
microphone. (%.001 to ¥.14 dB) 


The correction to the bulk modulus of elasticity for the 
air volume within the cavity due to the non-adiabatic 
boundary conditions at the walls of the cylindrical brass 
cavity expressed as a change in the ratio of specific 
heats. In this case, a correction of %¥.007 dB is needed 
at all frequencies to correct for the inaccurate 
calculation of this correction that was used in 

the computer program. 


The driving point impedance correction for the Thevenin 
equivalent circuit used to represent the condenser 
microphone. (%* negligible) . 


Corrections to _ program calculations. 

a. A standard electrical definition for the microphone 
must be used prior to comparison with other 
calibration results. It 18s therefore necessary to 
subtract out the capacitance of the BNC electrical 
connection used as part of the microphone during 
this experiment. (%2.8pF) A correction to Mo due 
to this change in microphone capacitance will 
result. (%.16 to ~.36 dB including the correction 
described next in part 4b.) 


b. For experimental convenience, the values of the 
bias box and cable capacitances were fixed early 
in the writing of the operational computer program 
and are listed in lines 670-760 of the program in 
appendix B. Subsequent, more accurate measurements 
of these capacitances require a correction to Mo. 
(~.16 to *.36 dB including the correction described 
above in part 4a.) 


c. The drop in signal voltage across the D.C. blocking 


Capacitor in the bias box of the microphone 
preamplifier signal path was temporarily ignored in 


= 2/5 = 


. | 


chapter three. As shown in Appendix E, this loss is 
approximately independent of frequency over the range 


of frequencies employed in this experiment. The 
correction required for Mo to account for this 
"loss" in signal 1s roughly Y + 0.03 dB. 





The effect of the compliance of the microphone on the | 
Plane wave resonant reciprocity open Clrculre voltage 


receiving sensitivity calibration will be discussed first. 





$$ aoe nee 
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B. CALCULATION OF THE IMPRESSED PRESSURE CORRECTION 


Using the standard method of pressure coupler 
reciprocity calibration (CRef. 3], the equivalent volume 
correction is required whenever the equivalent volume of the 
Pair of microphones within the cavity exceeds 0.4 percent of 
the physical volume within the coupler (Ref. 3: p.i15]. This 
accounts for the effect of the acoustic impedance of the 
microphone on the pressure coupler microphone’ calibration. 
This correction requires the accurate determination of the 
equivalent volume of the microphone under calibration or the 
functional equivalent, its acoustic Impedance [CRef. 3: 
p.8i]. The method of plane wave resonant reciprocity 
Calibration requires the determination of the acoustic 
impedance for any microphone under calibration regardless of 
the volume of the cavity. 

In part C of chapter two, the correction required to 
account for the finite mechanical impedance of a microphone 
was derived. This impressed pressure correction 
accomplishes the same task for plane wave resonant 
reciprocity as the equivalent volume correction accomplishes 
in pressure coupler reciprocity. A systematic error in the 
Plane wave resonant reciprocity calibration of condenser 
microphones on the order of * 0.001 to .14 dB re iv/ubar may 


result if the impressed pressure correction is ignored. 
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The correction is shown i1n equation 2.465 and the 
acoustic driving point impedance is given in equation 2.49. 


Both equations are reproduced below. 
i 
Z 


Mx = Mio jt - 72z J 





Equation 2.46 


A. A+ 
Dds =_ aT uation 2. 
. 2h a Adc) ij En Aa (mvc ES eee 





The acoustic impedances, Za(mic A) and Za(mic B), shown in 
equation 2.49 must be exactly measured if the correction is 
to be accurately determined. In the absence of an accurate 
determination of these acoustic impedances, an average value 
for the acoustic impedance of a WES40AA laboratory standard 
microphone was obtained from the ANSI standard method for 
the calibration of microphones (Ref. 3]. This value was used 
for Both Zat(mic A) and Za(mic B) in the determination of the 
magnitude of this correction at one frequency when it was 
illustrated in chapter two. While this will allow. an 
approximation to be made in calculating the impressed 
pressure correction, no insight is obtained with regard to 


the possible range of corrections that result from extreme 
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samples (due to different values of Za) of the W.E.440A8A 
microphone population. The "equivalent volumes" of two 
W.E.640AA microphones that represent such extremes and which 
will provide such insight are provided below in table 5.1 
CRef. 29]. The term “equivalent volume" is often used in 
pressure coupler calibrations as a matter of convenience. 
It is simply another way to express the acoustic impedance 
of the microphone ina manner which simplifies pressure 
coupler reciprocity calculations. As such, it will 
generally have both ae real and an imaginary part 
representing the dissipative and reactive portions of the 
microphone impedance. The exact relationship [CRef. 3: p.8] 
between the “equivalent volume" and "Za" must be used to 
derive the final impressed pressure correction as it 158 


shown in equation 5.2. 


la” <7 A? (ass 


Equivalent volumes of two condenser microphones (Ref. 29]. 
W.E.540AA Serial# 646 W.E.540AA Serial# 151 


- all units MKS, Mise 


Frequency (Hz) Re.volume - Im. volume Re. volume - Im.volume 
{multiplied by} {E-7} LE-oe {E-7e {E-9s 
30.90 1.2207 =e PSOSG 243979 -.24779 
100.0 Le 2207 -1.8728 243976 -. 493557 
200.90 1.2203 -3.7458 43965 —-.99101 
300.90 1.2196 =S.o173 43946 -1.4862 
400.90 1.2187 -7.4940 ~43919 -1.9809 
300.0 1.2176 =9..S8097 - 43885 —2. 47am 
600.0 3 a ey -11.247 - 43843 -2. 9669) 
700.90 1.2145 =Saieo 243794 -3.4614 
800.0 1.2125 -15.006 ~ 43737 —-3.9Sae 
900.0 Po Z2ves =—16. S89 243673 -4.4439 
1000.0 1.2078 -18.774 ~- 43601 -4.933— 
1500.0 1.1909 —-28.234 » 43131 -7 .sd7@ 
2000.90 1.1460 =e 7 a ~ 42477 -9. 7S 
2300.0 1.1321 -47.284 - 41646 -12.038 
3000.0 1.0878 -S6. 746 40645 -14. 262 
4000.0 2976365 -74.797 - 98168 -18.400 
3000.0 - 78900 =397.973S7 230134 —-22.034 ( 
6000.0 57288 =99 a7 2s SS S17/ -~25. O07— 
7000.90 - 34154 =1O2Z525 ~27874 -27.454 
8000.0 eA 2925 97 a7 O77 s2o72o -29.14¢ 
9000.90 =, 050507 -88.254 ~ 19954 ~30. lee 
10000.0 -. 15406 -76.476& - 16094 —-30,. Sa 
11000.90 =. 22550 -64.609 ~ 12456 -30.3735 
12000.0 =,2907 7 —-53.866 - O91 208 —29 572 
13000.0 ete al 7k -44.698 -061398 -29.7@a 
14000.0 ee 7057 Set Le -035386 —-27.425 
15000.0 econo —-30.940 -013165 -25. %9oo 
16000.0 -. 24846 ase Pa —-. 90054385 —-24.381 
17000.0 — 2.23356 -21.866 —_ O207 13 —22.778 
18000.0 =.218Z5 =185927 —.9033032 —-21. ten 
19000.0 Sane OS27 =15. 9702 =. 042757 -19. 6G@8 
20000.0 -. 18903 =135.671 —.9050276 -198. 


* The above values have only * three significant digits.CRef. 29] 


ee ew ce cc ee i ie 
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In addition to these values, the measured acoustical 
impedances for four particular W.E.640AA laboratory standard 


type "L" microphones were obtained from the literature CRef. 


30]. 
W.E.540AA Acoustic parameter 
Serial # Stiffness Mass Resistance 
(NM*-5) (kQgM*-4) (NsecM*-5) 
1087 1.95E+12 384 5.80E+7 
1121 1.88E+12 475 352 6S5E+7 
1134 1.67E+12 473 3.12E+7 
0904 1.52E+12 434 3. L6E+7 
HHH design Pee E+ti2 420 2.63E+7 
parameters 
CRef. 30] 


When equation 2.24 and equation 2.49 are combined, two 
analytical forms of the impressed pressure correction for 
plane wave resonant reciprocity may be computed. Choice 
between the two peusec ene shown below is strictly a matter 
of convenience. The first expresses the correction using 
the acoustic impedance, and the second uses the equivalent 
volume of the microphone. In each case, it is assumed that 
identical microphones are mounted in the ends of the plane 


wave resonant cavity. 
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Equation Gaz 


pa { ‘ Ad Qn Ve 
¢enae = = an} nen. 


where we define: 


Ve = equivalent volume ; CYePol/CjwZal 
te = ratio of specific heats 
fn = frequency of Nth modal resonance 
Za = acoustic driving-point impedance 
of the microphone 
Qn = quality factor of Nth modal resonance 
Vo = volume of plane wave resonant cavity 
At = area of tube cross section 
Ad = area of microphone diaphragm 


Provided the resonant frequencies and modal quality factors 
are avallable, the correction factor can be calculated for 
the case of plane wave resonant reciprocity calibrations. 
Using equation 5.2, the range of the impressed pressure 
corrections can be calculated using experimental data for 
the quality factor of the modal resonance while the data 


Provided by the National Bureau of Standards 15 used for the 
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equivalent volumes of the two extreme samples of the 
W.E.640AA population. The atmospheric pressure is) also 


Provided to facilitate use of equation 5.1. 


= eo 6 ap a 2p om 6 oF 6 6 6 6D 6 6 6 6p 6 a Sa 2 om 6 2 6 2 2 = 2 2 2 oe SD SD SD ee we we es ee ee ee es es es es es es es es es ws es es es ee ee ees es es 


All values MKS units; Vo(short) ~ 1.159E-4, Votllong) * 6.504E-4, 
Ad/At (short) %* .5435, Ad/Atflong) * .2903 


' * long tube i: ** short tube: serial#646 |: serial#151 
freq (Hz): Po Qn ; Po Qn ; real imag i: real imag 

| KE=7) KE=9)5msE-7) (E-9) 
ES » 100007 97.5 : 99843 42.4 i} 1.21 -13.8 } .438 -3.63 
1470 » 190027 116.8: 998S8 76.0 meee. 198-277.7 | .432 -7.21 
2205 » 100081 153.0 |: 99862 103.0 : 1.15 -41.7 : .421 -10.68 
2940 » 100106 193.7 ;: 99872 115.1 i: 1.09 -35.6 : .408 -14.00 
3675 + 100076 218.7 | 99886 117.90 } 1.00 -68.9 |! .390 -17.00 
4410 * 100082 229.8 : 99898 116.1 i? .892 -81.0 } .369 -19.89 
3145 » 100039 239.5 } 99910 114.0 : .758 -91.4 : .346 —-22.48 


* 2 May data tape, records 26-46 (see appendix G) 
%#% 22 Nov data tape, records 24-33 (see appendix G) 


long tube dB i short tube dB 
correction H correction 


freq (Hz): Ref #646 Ref #151 spread: Ref #646 Ref #151 spread 
Too ; —-.0013 -.9003 -001 i: -—.0053 =—OO01S 9enOOS7 
1470 ; —-.0031 -.0008 -0O0Z5 : —.O197>5 -.00353 .0142 
2205 ; —~.0061 —.0016 -0045 : —.0406 -.0108 .0298 
2940 > —-.0104 —-.90026 -0078 | -.0622 -.0159 .0463 
3675 ; —-.0146 —-. 90036 -0110 | -—.0802 a Ol S960 S 
4410 1 —-.0180 -.0044 -Oloo 1 —.O9o! me OLS2 OT 17 
3145 eer Oca -.0052 -0160 : -—.1068 —.02359 2.0807 


pressure correction obtained using equivalent _volumes_of extreme 


eek. 


-0.006 


=O. 0 2 





-0.0181} Long tube 
Impressed Pressure 
~0.0241 Correction (dB) 





Z=OLOs | 
0-02 0 500 2400 3600 4800 6000 


Frequency (Hz) 
| 


The above corrections are calculated using an average value 
of Za obtained from table 5.2, and experimental data for the 
other parameters in equation 3.1. When the same proceedure 
is used for corrections ta Mo found using the "small" 
cavity, both the magnitude and the range of the corrections 


are slightly larger. 
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OO 


—0.06 


-0.097 Short tube 
Impressed Pressure 


-0.121 Correction (dB) 





OS : 
QO 1200 2400 S600 4800 6000 


Frequency (Hz) 


SSS See SSS SS ES SS SSS SSS OSS SS SS SS SSS SES SS SS SS SS ES a = ee 
ce ce ce cs es es es eS I ee ce cm eee 


The impressed pressure correction for the short tube 
(figure 5.3) is larger than that obtained for the long tube 
(figure 5.2). The impact of this difference on the absolute 
calibration results will be discussed in the next chapter. 

The next section will discuss the correction to the bulk 
modulus of elasticity for the air within the resonant cavity 


due to the non-adiabatic boundary conditions. 


C. THE CORRECTION TO THE BULK MODULUS OF ELASTICITY WITHIN THE 
PLANE WAVE RESONANT CAVITY DUE TO THE NON-ADIABATIC BOUNDARY 
CONDITIONS 

In chapter three, the form of the adiabatic Bulk modulus 
of elasticity for the air within the resonant cavity was 
Qiven as the product of the atmospheric pressure and the 
ratio of specific heats. The general correction to account 
for the change in stiffness of the volume of air within the 
resonant cavity due to the non-adiabatic boundary conditions 
was given in equation 3.37 as a correction to the ratio of 
specific heats obtained under free field conditions of 
temperature and humidity. A correction to the sensitivity 
level that incorporated this correction was given in figure 
Se. In general, to account for effect of the change in | 
stiffness of the volume of air within the resonant cavity 


due to non-adiabatic boundary conditions, the sensitivity 


level must be corrected by adding: 


Xu 


CORR = lO ee | — Equation Sms 


Se 


When the solution for the effective value of gamma is first 
obtained using the program solution, and next using equatian 


32-37, the program solution is found to be *.007 dB too low 


cia | 


across a percent relative humidity and temperature range of 
40% < H < 635% and 19 deg C. < T < 21 deg C. 

The raw sensitivity Teveie Blotted in figure 35.1 must 
therefore be increased by *.007 dB to correct the program 
results for the fundamentally wrong, but only slightly 
inaccurate solution for the effective gamma programmed in 


lines 3770-3810 of the program shown in appendix B. 
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D. THE ELECTRICAL DRIVING POINT IMPEDANCE CORRECTION 


When the electrical model for the W.E.640AA serial #1248 
condenser microphone was chosen, the effect of the medium 
upon the motion of the microphone diaphragm and consequently 
upon the electrical driving point impedance was assumed to 
be negligible. Thus, neglecting the electrical resistance 
of the dielectric in the back volume of the microphone, the 


electrical model chosen was that of a simple capacitance: 


1 


Paes 
a — Equat: 4 
ER : Ww Game gquation 5 





Nz 


Emu 


The validity of such an assumption rests upon two 
conditions. First, that the length of the tube loading the 
diaphragm at a plane wave resonance 1S a multiple of a half 
wavelength. Second, that the termination at the opposite 
end of the tube is for all practical measurements, rigid. 
These conditions illustrate one method used to obtain the 
blocked electrical impedance (capacitive) of a condenser 
microphone. If the termination at the opposite end 1s 
absolutely rigid and if the system has low dissipation (high 
Q), then the motion of the diaphragm is effectively blocked 


Csee equation 2.43] and Zeb can be measured (Ref. 29]. Since 
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the plane wave resonator was anticipated to operate under 
these conditions, the assumption seemed reasonable. 
However, even though the system used had low dissipation 
(high @), the termination at the opposite end was a finite 
impedance resulting from the combination of another 
W.E.640AA and a semi-rigid plastic mount. The desired 
blocked mechanical conditions provided by an absolutely 
rigid end were not achieved. 

A calculation of the motional impedance of the 
microphone and an analysis of the required correction (if 
any) is therefore necessary to examine the validity of the 


assumption that the experimental termination is essentially 


rigid. 
Zz. = Zeg W aRNOT Equation 5.5 
where, 
Ze = electrical driving point impedance. 
Zeb = blocked electrical impedance. 
zZmot = motional impedance 


When equation 2.21 was employed to calculate Ma, the 
value of el was calculated using equation 3.13 which in turn 
was based upon figure 3.8 and the simple electrical model 


given in equation 5.4. Using figure 3.8, 
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= CA Equation 5.6 


where, 
G = gain of signal preamplifier 
Zt = total input impedance at the preamplifier. 
Zeb = blocked electrical impedance (1/jwC). 


In terms of Zt and Zeb, the program solution for el was, 


Equation 5.7 





eal — Vour t + =a 


CPROGRAM) a Zt 





If the actual electrical driving point impedance had been 
measured and used in the calculation instead of Zeb, the 


solution for el would have been: 


Vout , Z € | 
A _- —- + —-— Equation 5.8 
a Z, 
(correct) | 


where Ze is the Plectrical driving point impedance and 15 


defined as the ratio of the voltage across the input 
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terminals of the microphone divided by the input current 
when the microphone is operating under the load of the plane 
wave resomant cavity. 

The correction to the calculated value of Ma obtained 
using equation 3.13 which accounts for the effect of the 
motional impedance upon the computed value of ei is: 

V9 
4 + =e 
2+ 


Zea 
4 


When similar considerations are made for the correct 





CoRR To Ma _ 


= Equation 5.9 
(due eA \ 





calculation of ii using Ze instead of Zeb (using equatian 


3.14), the correction to Ma becomes: 


Zz. |" 
Corre. TO Ma. pee Cc Equation 5.10 
(due TA) a 





The product of these two corrections yields the total 
correction: 
y, 
V/ {+ Ze \A 
cone to Maj] Ze \°e Zr 


Que tmor as 4 + Ze 
= 





Equation S.i1 


a 2e7 5 = 


If Ze, Zeb, and Zt were available, this correction could be 
Calculated. However, only Zeb and Zt are available. While 
this does not allow an exact correction to be computed, a 
close approximation can be determined. 


Equation 5.11 can be rewritten slightly to be of the 








form: 
/; 
fA ewer Z 
doen To MA — tmor A 2r | 
due. tmor 1+ Les, { ce Equation 5.12 


(4 = 


Since the real part of CZeb/Zt] can be computed and can be 
shown to be very much greater than 1, the correction 


becomes: 


Core ToMA ~ 4 re Zmot 
clue tmot aan 


Equation Sane 


Beginning with equations 2.36 and dividing V1 by 11, the 
determination of Ze yields a solution for Zmot. This 15s the 
method shown by Hunt CRef.34:p.96]. The traditional value of 


Zmot as obtained by Hunt (-b*2/Z221]1, is seen to be modified 


=e 








by the square of the impressed pressure correction. When 
these results are combined with the transduction coefficient 
previously determined (see the text before equation 2.54), 


equation 5.13 is of the form: 


Corr To Ma ~ rl jo eee) (rmec\~ 


due Lot ~ Ad Eo Ae ah Equation 5.14 


Here the term IMPC refers to the impressed pressure 
correction previously derived. Since the largest magnitude 
of the impressed pressure correction is * 0.98, it 1s the 
magnitude of other terms found in the transduction 
coefficient and the acoustic impedance which will determine 
the magnitude of this correction. When the phase of the 
impressed pressure correction is ignored, the remaining 
terms yield the value of the Rraxirnurm possible correction due 
to Zmot. This worst case magnitude is approximated by 
substitution of the following values into equation 5.14: 

Eo ~ 117 volts 

Co = 49.174 pt 

At/Ad * 3.44 

Ae ~“ 1.29&-4 M*2 

Ra * 3.43 E+7 NSM*-S 


Ma ~*~ 492 KgM*-4 
Ka ~*~ 1.76 E+12 NM*-5 


- 291 - 





A straightforward computation shows this correction to 


be much less than .001 dB and therefore negligible. 
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E. THE CORRECTION DUE TO REVISED VALUES OF MICROPHONE AND TOTAL 
BIAS SUPPLY CAPACITANCE 

At an early stage in the experiment, it was decided that 
the electrical definition of the "microphone" would for 


simplicity include the BNC connector that was fabricated for 


the electrical connection to the W.E.640AA microphone 
cartridge. This resulted in the capacitance of the 
"extender" contributing to a slight increase in the 


capacitance measured for the "W.E.640AA microphone" and at 
the same time contributing to an equal decrease in 
Capacitance measured for the external system capacitance. 
When this "extender" capacitance 1s taken into account in 
the sensitivity calculations, a correction Peetites for the 
open circuit voltage receiving sensitivity for the 
microphone. 

Additionally, a considerable time passed from the first 
measurement of microphone capacitance and the final result. 
Consequently, the values of capacitance used for various 
Capacitance terms in the analytical solutions for "Mo" that 
were programmed on the computer were "frozen" for 
computational purposes, knowing full well that a later 
correction would be necessary. These corrections and the 
"extender" correction were made using equation 5.15 below. 
Equation 5.15 is obtained from equation 3.11 and the fact 


that the open circuit voltage receiving sensitivity is 
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directly proportional to the received signal voltage, el. 


/s 





Ma(eorrect) _ 
Mp PRogfam| 





Equation 5.15 





Here we define, 


Dh = program value used for the cable and bias supply 
Capacitance. (BTAR:177.28pf, ATBR: 176. O053pf) 

Ct’ = corrected experimental measure of Ct. 

Ct’’ = Ct’ corrected to include the "extender" capacitance. 
(BTAR: 173.22pf, ATBR:171.42pf) 

Cm = program value used for the microphone capacitance. 
(Serial #1248: S32.722pf) 

Cm" = corrected experimental measure of Cm. 

Cm’° = Cm’ corrected to exclude the "extender" capacitance. 
(Serial #1248: 49.41ipf) (#1248 BNC Connector = 2.75 pf) 

R = parallel combination of the bias blocking resistor and 
the input resistance of the signal preamplifier. ) 
(BTAR: *50470500hms, ATBR: *49874700hms) 

a = 2*pi*Fn 

Since there were S1x experimental combinations of 


microphone-system pairs, there were 51x different sets of 
corrections that were calculated. As shown below, the 
magnitude of the correction required depended primarily upon 


the correction to the microphone capacitance. 
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This correction would be umnecessary for experimental 
setups where the magnitude of the electrical parameters were 
well established and properly included in the controlling 
computer program. 

The final correction to be considered is a result of the 
approximation of the circuit shown in figure 3.35 By the 
Circuit shown in figure 3.4. This coupling capacitance 


correction 1S derived in appendix E and will be summarized 


in the next section. 
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F. THE COUPLING CAPACITANCE CORRECTION 


When preliminary solutions for the received = signal 
transfer function given by equation 3.11 were made, it was 
convenient to note that the signal loss due to the blocking 
capacitor Cc in the circuit shown in figure 3.3 was roughly 
constant across the frequency range of the resonant 
reciprocity calibration. The correction for the drop in the 
signal voltage across the Blocking capacitor which was 
temporarily neglected and must now be included. In Appendix 
E, the calculation of the magnitude of the required 
correction was shown to be roughly constant at YY +0.03dB for 
the calibration frequencies used in this experiment. The 


tabulated corrections are shown in the next table. 


Frequency (Hz) correction (dB) 
245 OSD 
490 nos 2 
ToS st 
FBO. "= 259s - 930 
274590 > 56Sa “O29 
average = .030, sigma = .002 


This concludes the descriptions of the corrections necessary 


to obtain an absolute calibration. 
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G. THE ABSOLUTE PLANE WAVE RESONANT RECIPROCITY CALIBRATION 


1. Introduction 

When the values obtained by the computer program for the 
open circuit voltage reciving sensitivity are corrected as 
indicated in three of the preceding four sections, the 
Calibration is compared with a National Bureau of Standards 
Pressure coupler calibration obtained for the same 
microphone. The lower six modal calibrations (below ¥ 1500 
Hz) obtained using the long tube have an average discrepancy 
of *.03 dB when compared with the NBS calibration data. The 
lower two modal calibrations (below °*1500 Hz) obtained using 
the short tube have an average discrepancy of %°*0O.06 dB when 
compared with the NBS calibration data. Above the 
frequencies indicated, the difference between NBS and plane 
wave resonant reciprocity calibrations are seen to increase 
Beyond the experimental uncertainty of the plane wave 


resonant reciprocity calibrations. 
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2. Experimental Results for The Plane Wave Resonant 


—_o—_ ey DD cy cc ee ce ce ey ee ee ee ee ee ee ee ey ee ee ee es es es ee ey ey ee ee ee ee es es es ee ee ee ee ee ee 





=e ee eee oe SS a <a — << a Se SSS ee ee — ec ee ee ees es ee = — 


== a = SS ec ee ee ee ee ee i ey ey ey ee ee oe ee oe = — = a 


ee es a i ee ee ee ee a ee a Se ee Se Se ee ee es ee es es es es es es ee es ee ee ee ee ee 


All dB re 1 V/ubar, all corrections in GB. 


HHH HEREH COFPFreECCIONS EEK | 


freqi #1248 iratio of i# extender: IMPC : Cc |: finali** NBS 
(Hz) | prog ‘specific : & Ct 1 :+ corr! cal ‘ 
output iheats | corr H i 
(sigma) (.03 range) 

245 1-48.93(.05) 1+.007 Pe yp i'—.000:1+.039:-48. 56:1 -48.55 
490 :-48.93(.00) : : ; tae? i1-.0011+.032:-48. 621i —48sgee 
735 1-48.88(.01) | : ito '-.0011+.031:-48.58:1-48.58 
980 :-48.89(.01) jt. o 1-.0021+.030:—-48. 60: —-48. 61 
1225:-48.85(.02) | * te taee i—.005), " 1-48.56:-48. 61 
1470:-48.86(.02) | se ‘ 1—-.0031 " 1748.57:-48.63 
1715:-48.79(.02) i ? 1—-.004: " (-48.51:1-48.63 
1960:-48.75(.02) | . : 1-.005! " 1-48. 46:-48.63 
2205 :-48.66(.03) | ‘i “ 1-.2007 1 " 1-48.38:-48. 64 
2450!-48.469(.02) | Ly i {-.008! " $-48.41:1-48.65 
2695 :-48.63(.03) | ‘i ‘ i1-.O0101 " 1-48.35:-48.67% 
2940:-48.61(.02) | Be : (—.0111+.029!-48. 33 | —-460em 
3185 1-48.56(.03) “ : i-~.O13! " 1-48. 28: —-48. 70 
3430 :1-48.57(.01) | : : oe OU aia " 1-48.30: —-48. 73 
3675: -48.56(.02) | , : i=. Owen " 1-48.29:-48.76 
3920 :-48.54(.02) i é: : 1-.O18: " (7-48.27 1-48 
4165: -48.56(.02) |! " } - ao 8 [8 " 1-48.29: -48. 84 
4410:-48.53(.03) | a rn 8 a0) " (7-48.26: -48.90 
46355 :1-48.60(.03) | pe 8 ae " 1-48.33: —-485 98 
4900 :-48.59(.04) | ‘ 54 1.0241 " 1748.33 1-495Ge 
2145:-48.74(.04) | 1-.026: " 1-48. 48:1-49.10 
9390 :-48.79(.05) | a “ 1-.028 " 1-48.531-49.20 


9635 1-48.97(.03) | a 7 ia OL an " 17-48. 711-49.30 
* The value of this correction depends upon the configuration 
used. ** interpolated from original data. See table 5.7. 


- 
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A similar table showing the corrections applied to the 


raw program output for the short tube is next. 


All dB re 1 V/ubar, all corrections in GB. 


eee eee Corrections eee eee |! 


freqi #1248 (Ratio of i'*% Extender: IMPC: Ce | Final i+#* NBS 
(H2) | prog ispecific: & Ct i i corr: cal. i 
Output iheats (| corr H 
(sigma) (.03 range) 
735 (1-48.86(.01)1 +.007 | a7 1-~.006'+.031'1-48.55 |-48.58 
1470:-48.81(.00) | is aes | 1~-0211+.030:-48.53 '-48.63 
2205! -48.70(.02) | ‘ to2o i~.045: " {(-48.44 |:-48. 64 
2940 1-48.60(.02) | . +226 i-.071!+.029:1:-48.37 |-48.67 
3675:1-48.48(.02) | 3 toe 1-095: " [{-48.28 ':-48.76 
44101-4868. 46(.06) i ‘ H 5 i-~.118: “ (-48.28 :-48.90 
9145 '-48.69(.01)! = “ lor! we 1 -4oe05 1-49.10 


* The value of this correction depends upon the configuration 
used. *% interpolated from original data. See table 5./7. 


= cp ee ew ee Gee ee ee ee ee GS Ss Ge GS es ee Ge ee Ge ee ee Gee a ee Ge es es ee GS ae ee es PG ee Ge es eee GS) Ge ee GS, Ss ee ee SS a eS Se ee 


When the results of the short tube and long tube are plotted 
with the NBS data, the agreement between both plane wave 


resonant reciprocity tubes is apparent. 
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dB re 1 volt/ubar 
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The triangles plot the NBS pressure coupler comparison 
calibration, the stars plot the long tube plane wave 
resonant reciprocity calibration and the diamonds show the 
short tube resonant reciprocity calibrations. The 
experimental uncertainties obtained for the data shown in 


the above figure 1s tabulated in the next table. 
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NBS data ** W.E.640AA Serial #1248 


freq ; upper i: Average resonant i: lower | 
H2 run#l run#2 | limit it reciprocity cal + limit | 
(+sigma) (-sigma) 


HHH HHHHHHH All dB are re 1 VOLC/SUDAar HHH HEHE 


30 

100 
200 
245 
300 
490 

500 
700 
TiS 

980 

1000 
1 aaa 
1470 
1500 
1715 
1960 
2000 
2205 
2450 
2500 
2695 
2740 
3000 
s195 
3430 
3675 
3920 
4000 
4165 
4410 
4655 
4900 
2000 
7145 
9390 
97635 
6000 


-48.48 
-48.55 


-48.58 


-48.61 


-48.61 


-48.64 


-48.66 


-48.65 


-48.66 


-48.69 


-48.79 


—49.03 


-49.42 


-48.48 
-48.53 


-48.54 
-48.56 
-48.54 
-48.59 
-48. 60 
-48.61 


-48.66 


-48.80 


-49.47 


** The certified NBS 


figures. 


[Long tube data] 


-48.51 


-48.57 


-48.54 
-48.55 


-48.49 


-48.35 


-48. 32 
-48.31 


—-48.25 
-48.29 
-48.27 
—-48.25 


-48.28 
—-48.23 
-48.30 
-48.28 


-48. 44 
-48.49 
-48.68 


-48. 62 


-48.58 
-48.60 


-48.56 
-48.57 


-48.51 
-48.46 


-48. 38 


-48.35 
—-48.33 


-48.28 
-48.30 
-48.29 
-48.27 


-48.29 
—-48.26 
-48.33 
-48. 32 


-48. 48 
-48.53 
-48.71 


-48.61 


-48.59 


-48.58 
-48.59 


-48.53 
-48.48 


-48.41 
—-48.435 


=—46..51 
-48.31 
-48.31 
-48.29 


—-48.31 
-48.29 
-48.36 
-48.36 


-48.54 
-48.58 
-48.74 


CShort tube data] 


-48.50 


-48.24 


-48.13 


-48.04 


-48.38 


-48.55 


-48.53 


-48.28 


-48.28 


-48.53 


-48.58 


-48.56 


-48.48 


—-48.45 


-48. 52 


-48.68 


Calibration specified only 3 significant 


The above data is before the roundoff provided in the 


formal report and shows the individual comparison calibrations 
actually obtained as referenced to two separate 


= oO 


standard 


microphones used for this purpose at the NBS CRef 29]. 


The upper bound is one “experimental sigma" above the 
average sensitivity shown in the center column for both the 
long and short data _ sets. The lower bound 1s one 
“experimental sigma" below the same average. For each data 
set at each different calibration frequency, the sigma used 
is the square root of the sum of the squares of the 
experimental sigma found for Ma. The long tube results agree 
with the NBS calibration to within ¥.03 dB up to 1470 Hz and 
the short tube results agree with the NBS calibration to 
within *O.06 dB up to 1470 Hz. Above this frequency, the 
resonant reciprocity calibrations disagree with the NBS 
comparison calibration beyond the experimental uncertainty. 
However, both resonant reciprocity tubes provide consistant 
results throughout the range of frequencies used in the 
experiment. 

Since the diaphragm area of the microphone occupies a 
Significant portion of the cross sectional area of the short 
tube (“54% as compared ta *29% in the long tube), any 
deviation from the assumption that Za(mic A) equals Zalmic 
B) will adversely effect the accuracy of the impressed 
pressure correction in the short tube to a greater extent 


than the corresponding correction for the impressed pressure 
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in the long tube. Additionally, the fractional error in the 
volume of the snort tube 1S greater than that obtained for 
the long tube (the tube volume is used in calculating "Jo" 
in the impressed pressure correction). Both of these 
contributions to increased absolute uncertainty apply “for 
the short tube calibration. For these reasons, the 
microphone calibrations obtained using the long tube 


geometry are believed to be the more accurate of the two . 
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H. THE CORRECTED FREE FIELD COMPARISON CALIBRATION 


There were only two corrections to the free field 
comparison results given by program "N28". The first is 
calculated using equation 5.15 with a change of value for Ct 
and Ct’’ to 255.0 pF. When this is done the correction is 
essentially the same for all the frequencies sampled and is 
equal to +0.54 dB. The second correction is for the 
diffraction of the microphone and mount and 18S given in 


appendix A to reference 3. With both of the corrections 


applied, the diffraction corrected (pentagon plot) free 
field (star plot) comparison calibration is superimposed 
upon the NBS pressure coupler (triangle plot) calibration. 


In addition, the uncorrected free field results are shown 
with Professor Medwin’s calibration results in figure 3.24. 


The corrected results are shown on the next page. 
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dB re 1V/ubar 





“80-500 6000 9000 12000 15000 


Freq (hz) 


Since the diffraction correction obtained from data in 
reference Ais accurate only for a standard microphone mount 
and the mount used in this experiment was not standard, the 
diffraction correction so obtained was only approximate. 
This is seen in the %*0O.5 dB agreement between the NBS 
pressure coupler results and the diffraction "corrected" 


results. 


= 208) — 


In the next plot, the data is "blown-up" so that the low 


frequency detail is seen. 
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The data 


plotted in the previous two plots is given in the 


table below. 
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All data in dB re 1 Volt/ubar 


NBS data 
(pressure coupler) 


Free field data for Serial #1248 


Freq run #1 run#2 Free ct Free diffraction diffraction 
Hz field Corr field correction* corrected 
"raw" cal. calibration 

200 -48.55 —-48.53 

245 —-49.54 90.54 -49.00 20 -49.54 
300 -48.58 —-48.54 

490 -49.19 90.54 -48.65 eee -48.75 
[00 -48.61 —-48.56 

700 -48.61 -48.54 

Leys" —-49.13 0.54 -48.59 eel -48.70 
980 -49.00 0.54 -48.46 ot ee -48.65 
1000 -48.64 -48.59 

1470 -48.63 0.54 -48.09 -.48 -48.57 
1500 -48.66 -48. 60 

2000 -48.65 —-48. 61 

2205 -47.86 0.54 3-47.32 -1.15 -48.47 

2450 -47.33 0.54 -46.79 -1.44 -48.23 

2000 -48.66 —-48.62 

2695 -47.42 90.54 -46.88 -1.77 -48.65 

3000 -48.69 -48. 66 

5185 —-46.50 0.54 -45.96 -2.44 -48.40 

3920 —-45.51 0.54 -44.97 -3.40 -48.37 
4000 -48.79 -48.80 

4655 —-44.37 0.54 -43.83 -4.48 -48. 31 

3000 -49.03 —-49.06 

5390 ono wOas4 © —-45.09 —-5.59 —-48.68 
6000 -49.42 -49.47 

7000 -49.97 -50.01 

Theale ee -42.07 0.54 -41.53 -8.48 —-50.01 

8000 -50.55 -50.55 

9000 -51.48 -51.59 

9800 -43.06 0.54 -42.52 -9.46 -48.52 
12250 -46.55 0.54 -46.01 -9.23 —55. 24 
14700 —-50.63 0.54 -50.09 -8.49 -58.58 

* L.R. interpolation to data listed in appendix A of Ref. 3 
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Since the anechoic chamber is designed to be reflection-free 
for plane waves, the normal specific acoustic impedance of 
the walls is intended to be the "rho-c" product for air. 
This is not a perfect impedance match to spherical acoustic 
waves which have a reactive component. The specific 


acoustic impedance of a spherical wave is given below. 


ae 
dn = ee, 





Equation 5.16 


When the speaker and microphone are "relatively” close to 
the wall, meaning kr is small, there will be reflections due 
to the impedance mismatch even ina perfectly anechoic 
room. These reflections cause an error in the value of Mo. 
Additionally, the requirement (CRef. 3:29.19] that at low 
frequencies the acoustic impedances of the surfaces be 
within 2r’/r percent of "rho-c" where r’ 1s the minimum 
separation distance from the surface to the microphone andr 
is the microphone separation, is not met. The inability to 
meet these restrictions within the anechoic chamber is seen 


in the discrepancy in Mo observed at low frequency. 
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I. A SUMMARY OF PLANE WAVE RESONANT RECIPROCITY CALIBRATIONS 


The plane wave resonant reciprocity calibrations shown 
so far have been those obtained for the W.E.4640AA_ serial 
#1248 condenser microphone and were used for comparison with 
the NBS pressure coupler calibration. Additional 
calibrations for two more W.E.640AA condenser microphones 
and one small electret "hearing-aid" subminiature transducer 


were obtained. 
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The absolute experimental uncertainty is essentially the 
same for all WE640AA microphones, ~*~ 90.03 dB below 1470 Hz, 
while above this frequency the difference between the 
resonant reciprocity calibration and the NBS comparison 
calibration climbs to a maximum of Y.S GB. 

The theory for resonant reciprocity calibrations has 
been shown to absolutely agree with standard methods of 
calibration only for the case of plane wave resonance at low 
frequency. Experimental results that extend calibration 
frequencies into the region of radial = and azimuthal 
resonances are expected to fail in accuracy. To illustrate, 
the calibration data plotted on the next page shows’ the 
agreement between short and long tube calibrations out to 
the 23rd modal resonance in the long tube (“S635 Hz) which 
is the upper limit for plane wave resonances in that tube. 
The effect on the calibration due to the interference of 
radial and azimuthal modes with plane wave modes 1s apparent 
above the 23rd mode. Here the discrepancy between short and 


long tube calibration results 1S seen to sharply increase. 
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These calibrations are listed as approximate since they are 
the "raw" program output. 

The type BT-1751i1 Knowles subminiature transducer’ was 
used as the comparison microphone and the following 


comparison calibration was obtained: 
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The sigma of the experimental precision is smaller than the 
size of the plotting symbols in this calibration. When this 
calibration is compared with the manufacturer specifications 
for this device, the sensitivity appears to be about “1.5 dB 
too low. However, the variations in the D.C. supply voltage 
for the Type BT-1751 preamplifier were not monitored. From 
Knowles technical bulletins, a change of just a few tenths 


of a volt (1.25 Volts to 1.0 volts) can cause roughly a ~1.0 


= hae 








dB drop in sensitivity. Since the battery used to power the 
BT-1751 D.C. supply was not replaced during that portion of 


the experiment (*12 months), such a drop is probable. 
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Figure 53.11 Manufacturer ‘s calibration curves for 
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This concludes the free field comparison and the plane 


wave resonant reciprocity calibration experiments. 
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VI. CONCLUSION 


A. SUMMARY 


In chapter I, the general subject of acoustic 
reciprocity calibrations of electroacoustic transducers is 
reviewed and the effect of the medium and boundary 
conditions surrounding the transducer are considered for 
three different experimental environments. Solutions for 
the acoustic transfer admittance for a pressure coupler 
calibration, a free field calibration, and a plane wave 
resonant reciprocity calibration are shown to differ only by : 
a multiplicative constant. Derivations of the open circuit 
voltage receiving sensitivities are provided for all three 
techni ques. In chapter II, considerations are made 
regarding experimental techniques used to implement plane 
wave resonant reciprocity calibrations. The resulting 
reciprocity equations provide a six way round robin check on 
experimental precision (plus or minus .002 dB) and the 
number of experimental parameters required fOr the 
calibration is reduced by one. The derivation of a plane 
wave resonant reciprocity calibration is extended to include 
necessary conditions relating the acoustic impedance of the 


reciprocal microphone, the frequency, the speed of sound 
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within the gas, the gas density, and the dimensions of the 
plane wave resonant cavity. An impressed pressure 
correction is derived from the canonical equations for an 
electroacoustic transducer by making the reasonable 
assumption that the diaphragm of a condenser microphone does 
“move” under the influence of an acoustic pressure. This 
consideration of the finite impedance of the microphone 
results in a correction to the theoretical sensitivity of an 
ideal microphone and is7~ shown to depend upon the ratio of 
the driving point acoustic admittance of the microphone to 
the transfer acoustic admittance of the medium. In chapter 
III, the improvement in experimental precision due to 
computer control of the data acquisition is measured and the 
probable errors associated with experimental measurements 
and calculations are determined. In chapter IV the self 
consistency of the plane wave resonant reciprocity 
Calibrations are obtained and the overall experimental 
precision is found to be 70.045 dB. In chapter Vea 
calculations necessary to determine and correct for the 
impressed pressure, the effect of the non-adiabatic boundary 
conditions on the stiffness of the gas within the resonant 
cavity, circuit analysis approximations, and corrections to 
values Of program constants in the computer program 
controlling the plane wave resonant reciprocity calibration 


are obtained. When the raw experimental calibration data is 


a ee) = lee 


corrected as outlined above, the absolute plane wave 
resonant reciprocity calibrations have close experimental 
agreement below %“1500 hertz (with an average absolute 
discrepancy in the long tube of %.03 dB and in the short 
tube of ~ .06 dB) with that portion of a pressure coupler 
comparison calibration performed in air (and hydrogen) on 
the same microphone by the National Bureau of Standards. 
Beyond this frequency, the difference (in dB) between the 
NBS comparison calibration and the resonant reciprocity 
calibrations increases linearly with frequency with a linear 
correlation coerricient of r = 0.991. 

Both the long and the short tube resonant reciprocity 
Calibrations have an average absolute difference of * .029 
dB (.018 dB sigma) from 735 to 5145 Hz, the common frequency 
range of both calibrations. Although the average absolute 
difference in the resonant reciprocity calibrations and the 
diffraction corrected free field comparison calibrations 
(from 1470 to 5390 Hz) is ¥ 0.12 dB (sigma * .09 dB) and the 
average absolute difference in the NBS comparison 
calibration and the diffraction corrected free field 
comparison calibration is * 0.32 dB (sigma ~ .22 dB), the 
failure to use experimentally an exact replica of the 
standard mounting (CRef.3:p.21] for the WE&40AA results in an 
unknown uncertainty for the diffraction correction and hence 


calls into question the validity of the absolute agreement 


= 63 Ones 


(sigma ~ .09 dB) with the free field results observed from 
1470 to 5390 Hz. 

In conclusion it can be said that the results of this 
experiment show that the method of plane wave resonant 
reciprocity calibration is in absolute agreement with other 
laboratory standard techniques at low frequency, is under 
computer control, and has the potential of becoming a fully 
automated laboratory standard technique of reciprocity 


calibration for electrostatic transducers. 


ali 


B. FURTHER EXPERIMENTS AND THEORETICAL INVESTIGATIONS 


In the future, the practical convenience of cormbining 
under computer control all of the data acquisition necessary 
to calculate the atrcrophone’s acoustical tmpedance, the 
Griving point electrical impedance, and the plane wave 
resonant reciprocity calibration is the logical correction 
to and extension of this experimental method. 

A more detailed experimental and theoretical study of 
the impressed pressure correction is needed with regard to 
more compliant electrodynamic microphones (and other 
transducer types), different gas atmospheres, a wider range 
of length to diameter ratios, and a wider range of diaphragm 


diameter to tube diameter ratios for the resonant cavities. 


Any further experiment may also extend the upper 
frequency limit of plane wave resonant reciprocity 
calibrations by examining the selective employment of 


"clean" plane wave resonances in the region of azimuthal 
modal resonances and/or the use of highly symmetric 
mountings of the microphones on precisely machined 
cylindrical cavities. This suggestion is a result of two 
experimental observations. First, several higher frequency 
"short" tube plane wave resonant reciprocity calibrations 
appear to be asymptotically approaching the correct pressure 
calibration. The particular modes (twelve through sixteen) 


= S56 a5= 


used for these calibrations are seen in figure 1.6. The 
plane wave resonant reciprocity calibrations which result 
from the use of these modes are shown in figure 53.9 and tend 
towards agreement with the NBS pressure coupler comparison 
calibrations even though they exist in a frequency domain 
where azimuthal resonances are expected. Secondly, extended 
plane wave resonances were observed exclusive of any 
observable azimuthal or radial modes up to ~*~ 50 Khz when 
highly symmetric electret microphones were used in the early 
stages of the experiment. In light of the aforementioned 
experimental indications, these apparently "clean" plane 
wave resonances may possibly be employed with success. 

The application of plane wave resonant reciprocity toa 
system of transducers coupled through a water filled 
cylindrical cavity with a "pressure-release" (styrofoam) 
boundary 1s another avenue of experimental and theoretical 
investigation which may be both interesting and 
Significant. A preliminary investigation has already begun 
CRef. 35] by applying the method to a "slow wave resonant 
Calibration" where a compliant wall and fluid filled 
waveguide are used to obtain a low frequency reciprocity 


calibration in water. 
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APPENDIX A 


HARMONICITY IN PLANE WAVE RESONANT RECIPROCITY CALIBRATION 


When the condenser microphones are mounted in the ends 
of the brass cylindrical cavity, the acoustical load at the 
ends 15s affected by the mechanical impedance of the 
microphones and the assumption that the microphones are 
non-compliant must be more carefully examined. 

If the microphones were perfectly rigid, the boundary 
conditions at each end of the cavity require that the 
Gradient of the acoustic pressure be equal to zero. It thre 
is the case, then the resonant frequencies observed for 
modes greater than the first will simply be multiples of 
this fundamental resonance (KL = n*p1). This eappears to o6e 
the case when the resonant frequencies are plotted opposite 
the mode number of the resonance. Since the intormation 
plotted below was obtained over a ten hour period, tne 
resonant frequencies were obtained at different tlakoratory 
temperatures over a range of roughly 19 degrees centigrade 
to 22 degrees centigrade. Since the speed of sound in air 
at normal atmospheric pressure varies as the square root of 
the absolute temperature, and since the frequency of a plane 
progressive sound wave varies as the free space sound speec, 


the frequency of resonance varies also as the square root of 


- $20 - 








the absolute temperature within the plane wave resonant 
cavity. For comparison purposes, the temperature dependence 
of the different resonant frequencies was removed by 


referencing all the resonances to 20 degrees centigrade 
/: 
a 


Equation A.1 


using equation A.1 shown below. 


3.93.\L 
{" (ae.20%) = L (ae. 11) eo 


47356 + TH 


If this plot of the "corrected" resonant frequency vs. mode 
number were exactly a straight line, then the modal 
resonances would be perfect multiples of the fundamental 
resonance and the ends of the tube would be "rigid" (perfect 
harmonicity). This appears to be the case when figure A.t 


is "eye integrated". 
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Figure A.1 Kesonant frequency re. 20 deg C vs Mode 


Number 
As 1S seen above, any lack of "hHarmonicity" or deviatian 
from a straight line 1S not readily apparent. The 


terminations in the plane wave resonant cavity appear 
essentially "rigid" with regard to their influence upon the 
resonant frequency obtained for the acoustic pressure. it 
the condenser microphones were absolutely noncompliant, then 
they would not function as microphones as there would be no 
change 1n capacitance with impressed acoustic pressure. 
Functionally, the microphones cannot be "rigid". Ts see the 


magnitude of the deviation from true harmonicity, the data 


ee 


is mormalized by dividing all the individual resonance 
frequencies by the "apparent" fundamental associated with 
the highest resonant frequency obtained (simulating the 
rigid limit), the non-harmonicity at the low resonant modes 
becomes apparent as a deviation from a value of one provided 
the scale is properly chosen. See fiqure A.2Z. 


1. 01 
HARMONICITY PLOT - ¥.E. G40AA SERIAL #1249 - BIAS @ 116.9 V 


{. 008 


1. 006 


1. 004 


CORR FRED / (AVG HI FUND « MODE #) 
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RESONANT FREQ GID CORRECTED TO 20 CEG C 


5410 
6000 


100 


With regard to the effect this measured non-harmonicity 
has upon the value of the receiving sensitivity in the plane 


wave reciprocity calibration, recall equation 2.13. 


aoe = 


/ 
Pa. gos (RL) ty si. sin (Kt) | 
P2, zmb Equation 2.13 





Here we see that at modal resonances, for the compliance 
of the condenser microphones to be a negligible effect, we 


require that: 


| 6, CAg SIN (rt) | << /2ma | 


AND, 


Cos (et) = A 


Equations A.2 


In figure A.2, the ratio of the resonant frequency for 
the lowest mode to the normalized resonant frequency found 
for the highest mode was calculated to be .9927. This 
represents an estimate of how close the boundary conditions 
correspond to a value of KL equals pi for the fundamental 
mode (worst case). When we express Equation 2.15 in terms 


of acoustic impedances, we see that, 


/ | 
Po Z 0s (kw) a % Z tam) Sv (RL) Equation A.3 
p2 Za (End) 
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( 


Since the ratio of the acoustic impedance of the medium 
(air) to that of the semi-rigid composite ends (microphone 
plus rigid mount) is much less than one, we have upon 


substitution for Cos(kl) and Sin(kl) in Equation A.3, 


V4 
2 ~ 40s /.9927TT/ = -.919'F 
P3 


Equation A.4 


This justifies the assumption that the microphones”) are 
essentially non-compliant with regard to their effect on the 
pressure distribution within the resonant cavity. Since the 
ratio of the pressures comes in under the square root in the 
Calculation for the microphone open Cir eui.t voltage 
receiving sensitivity, this assumption will introduce, at 
the lowest mode, roughly a 20log(sqr(lCost.9927*p1+])) or .oo1 
db re 1V/ubar error. Errors aintroduced due to this 
assumption are significantly lower at the higher modal 


resonances as seen in figure A.2. 
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APPENDIX B 
ONE EXAMPLE OF THE COMPUTER PROGRAM USED FOR 


PLANE WAVE RESONANT RECIPROCITY CALIBRATIONS 


A. INTRODUCTION 


The computer program shown on the following pages was 
written in Hewlett Packard series 80 Basic. It was used on 
the HP-85 and completed data acquisition and sensitivity 
Calculations for three microphones at one modal resonance 
roughly every twenty minutes. The most time consuming 
portion of the program was that part which calculated the 
three parameter least mean square error fit to a Rayleigh 
line shape. Actual data acquisition was completed in 
roughly three minutes. 

A careful examination of the particular program shown in 
Part C below shows that it is but one of six almost 
identical programs’ used to accommodate the various 
combinations of preamplifiers and microphones that’ were 
experimentally used. The decision to write six "different" 
programs was made “for operational Simplicity. Such 
variables as volumetric protrusion into the main cavity 


depended upon which two microphones were in place. The 


S520 = 


( 


( 





voltage transfer for each "end" of the cylindrical cavity 
depended upon the amplifier and microphone ’'= combination 
used. Thus slightly different programs were used to 
accommodate (referencing W.E.640AA serial numbers) ; 
1248-1082, 1248-815, 1082-815, and three more Similar 
microphone setups with the “electronics" reversed. The 
Particular program discussed in this appendix is the one 
with microphone #1248 with the "A" side electronics) and 
microphone #1082 with the "B" side electronics. 

The following pages are separated into three different 
parts for convenience. First, there is a functional 
description of the program shown in table B.1. Next, there 
is the program listing and last there is a list of 
definitions for the variables used in the program. The 


functional outline for the program is shown next. 


= o2/ — 


Es 


The 


FUNCTIONAL DESCRIPTION OF THE FROGRAM 


malin program is divided into eight subsections 


outlined below. 


Initial setup. 
A transmit, B 
B transmit, A 
A transmit, C receive 
B transmit, C receive comparison voltage. 

Numerical analysis of all data. 

Calculation of six different values of open circuit 
voltage receiving sensitivity. 

Subroutines (17) 


data. (ATBR) 
data. (ETAR) 
comparison voltage. 


recelve 
receive 


NG OP WII 


60) 


These eight functional descriptions are more fully descrided 


in table §B.1 below. 


Beginning line number -—- 


ae 
4». 


240 
370 
630 


=~8370 
2880 


2740 


EAS ©) 
a) 


3450 


a i i re i i A i i i i i i ee 


Functional description 


Program initialization anc preliminary equipment setus. 
Magnetic tape initialization. 
Cpoerator inputs tor data run. 
Dimension arrays and input measured capacitances, load 


resistances and numerical corrections for the side mcoeuntedc 
microphones. 

Input cavity volumes 
rearrange data. 
Begin program: rim. Switch system 
Search for initial drive voltaje tor 
Tmitial data sample. 


Analyze cata for rougm UF , uA. 


tor ditferent conmtfigurations ans 


co 4 She 


tirst Gata Sampie. 


Obtain receiver bias voltage anc calcuiate the requires 
COrrect1 on, tO mi Gcroapnome Gatbacl cance. 
With the preliminary values of OF 2A, obtain the first 


modal data set witn side & receiving. Cbtain rough O,F ,t%4 
for this data set. 

Switch system to BTAR. 

Obtain bias voltage for sidé Ain receive and calctulame 
the required correction to the microphone capacitance. 
sample the modal resonance tor side A recei-ing. Ubtar: 
rougnr OF ,2a for else jaca ==. 
Goto Ravin® Ssubronwri ae Ff see 
Goto Ravine subroutine for frag 
Rased upon the requested agrive 
transmit current used tor tire 


VALU2=. 


ion a. Lies * 


Stiure ravined 
Store ravined 
calculate tne 
i oe 


sata. 
Gata. 
voltage, 
"A" micropnene 12s 
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3670 
3720 
7 60 


3820 
5860 


4020 


4390 
4400 


43530 


5470 


3280 
3760 


5270 
7920 
P7120 
Pie2O 


moc 


7410 
7340 
mo7O 
F310 
79SO 
Bog80 
Sa 2() 


6510 


Subroutine 


Switch and obtain the ATCR comparison voitage. 

Switch and obtain the BTCR comparison voltage. 
Calculate the effective value for specific heats used 
correct the bulk modulus of elasticity tor boundary 
conditions. 

Change atmospheric pressure from mmHg to MKS. 
Calculations for six way round robin determination of 
Ma(reciprocity), Mb(reciprocity), Mab(comparison), 
Mba(comparison), Mcatcomparison), & Mcb (comparison) 
Store results on magnetic tape and print out results for 
operator. 

Check for end of data runs desired. 

Based upon the quality factor for the (Ntl)th mode, 
Calculate the expected Bandwidth of Nth resonance to be used 
in the next computer controlled calibration. 

Subroutine used to ravine the modal data for accurate values 
of @, F, &A. 

Subroutine used to calculate the mean Square error with 
regard to the Rayleigh line shape. 

Subroutine used for initial data collection. 

Subroutine used to adjustment the initial drive voltage and 
control the preliminary data sampling. 

Subroutine used to make a raw data computation of @, 
Subroutine used to sample temperature. 

Subroutine used to sample atmospheric pressure. 

used to obtain side A bias voltage. 

used to obtain side B bias voltage. 

used to select system to ATER. 

used to select system to BTAR. 

used to select system to ATCR. 

used to select system to BTC. 

used to sample voltage YVca. 
Subroutine used to sample voltage Vcs. 
Subroutine used to relate preanplifier 
and capacitive voltage division to the 
Subroutine used to relate preamplitiesr gain, 
ang capacitive voltage division to the signal 
End after all desired modes are sampied. 


—— oe oe ee ee ee ee ee ee ee ee ee ee ee ee ee ee ee ce ce ee ee ce ee ee ee ee ee ee ee ee ee ee es es ee ee ee ce ee ee ee ce es 


aes 


F, &A. 


Subroutine 
Subroutine 
Subroutine 
Subroutine 
Subroutine 
Subroutine 


we04 scale, 
voitage Va. 
3204 scale, 
VolLeage we. 


gain, 
siqgnai 
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PROGRAM LISTING 


[0 CLEAR f 124e- A 2 1082--B 

20 |! INPUT TIME IF NOT ALREADY 

30 UPTION BASE 1 

40 L420 

50 DIM G2(26) ,G4(26) ,B1¢(30) , 1190), 13690), 14090) 712i 
»PSC2]) .K162) ,G9¢2) .A7¢2) ,A1 (2,48) 

60 DIM G5<2.26),F5(2,26).,F7(47,C1 (5) A224 Gie ea D 

70 DIM F(26) .AC26) .F1¢26) ,863.3) ,X03) CCG) Vie 02 
(3) ,F 202) ,6¢090). 103) .V2(2, 3) AS ?S6) 

80 DISP “SETIIMNE H=3600+4"60 .MDD:.. ONLY LE Necesseet 

30) REVISED 26 APRie sa 

100! -RECIPROCINY PROG) GI14 

0 ! PRELIMINARY SETUP 

1 1248-1062 see 

O OUTPUT 717 a ar lee 

130 PRINT "PROGRAM G3S1A OF 27 APRIL 84" 

140 PRINTER IS 27045 80 

150 IMAGE 2A;,2%.70,.X,.50,X%.70.*%, 720... 78, 4%. 46. 7X. 4A cee 
5A 

160 PRINT USING 1350. 3° 5N°. Preq HZ. Naegt 7 UA 3. Ghee 
, <A> CE oe RE CuR on 

(70 IMAGE 2D.X,.DDDDD.DD.X.DD.DDD,xX,DOD. DDD. x*,DDD- DDD x70 7eDD 
Sa eee XD. UDDE<X =D. DDD. x. 0D 

180 DISP “THIS CRUG PERFORMS A eo CAL AT DESIG MQDA 
| FREGS AND PUTS DATA ON TAPE” 

190 BEEP 

2:0 Ci=t * CAVIT) VOL-1248-1082 

220 DISP “INPUT DDMMYY™ 

220. 1NPU Cap 

240 ' INPUT TAPE STATUS 

250 DISP “ENTER 1=ERASE.REWIND &FORMAT: 2=TAPE ALREADY READY 


eo GEER 

270 [NPUT U7? 

250 fe 0/4 SiGe e220 Ee Seed 

230 DISP “ARE YOU CERTAIN YOU WANT TO ERASS THE are 22s 
360 DISP “i=YES,22N0” 

310 INPUT U7 

620 TP U7) > (Bee 330 VEL Sea a0 

320 ERASETAPE 8 (BEEP 

040 ! PREPARE TAPE 

SoU CREATES aii 100.25 

S60 CREATE DAZ , 100. IG 

370 CREATE “DATV",100.800 

330 CREATE “DATE 200, 300 

390 ! ENTER RUN PARAMETERS 

400 DISP "SHORT OR LONG TUBE?” 
S10 0LSP. “SHUR T= UNG-=2” 

ps 4 oi eo 

430 INeEUT © 2 

440 DISP “ENTER START INGSRECURE 
450 INPUT L@ ! INIT RECORD NUMBER 
450° D1SP. VENER eerie OE feos 


1 
le 


fhI— 


a COge1 6 














INEUT. L 
DISP “ENTER LOW MODE +” 


DISP "ENTER THE LOW FREQ (HZ) FOR HIGH MODE" 
Diss ENTER TRE HL FRES (HZ) FUR HIGH MODE” 


DISP. “ENTER 5204 TIME CONSTANTCSEC)”™ 

INPUT Tu. ~ 

Th=Ti*1000 

DISP “ENTER THE 5204 SENSITIVITY IN VOLTS" 
INPUT 8B 

M9=15 ! MAX # OF RAVINES 

OES? ENTER REL RUMIDITYZ” 

BEER). 2 


INPUT R1 
Y 


' DIMENSION ARRAYS 
1 DATA ARRAYS 
q 


* ©» @¢ © © © © © © © © © ¢ © © &€¢ © © © © &@ & @ 


Giese. cco. Peel 24e 
Ce=C1G> 

Cra iacoue ! Pr BTAR SYS 
lees) 3122! PFel082 

Coe 103) 

Ciesp=(5n0ac, ' FF AIBR SYS 
GiGp=a0ecl. | PreeiS 

Co= C3) 

¢ 


RS*504/7050 ! A SIDE R EFF LOAD 
Roeeoe, 4/0! 2 SIDE R EFF LOAD 
! GEOMETRY CORRECTION 
' FOR SHORT TUBE 
Gis. 365115! 
DiG2eebo2T8 
D390 O21 32 

D(4)=, 494203 
DiS = cooc4s 
0¢6)=.00325317 

Dem 243115 
D(3)=.466004 

.649799 

eiecges 

peice am 

. 866966 

ro ede 7 

=f Louab 

-568673 

S Sishisisis, 

PlogioS 
=.007256489 

sey oar 


uetok w ou 


= ool = 


980 D(20)=.323466 
990 D¢21)*.440099 


1000 
1010 
1020 
1030 
1040 
1050 
1060 
1076 
1080 


—- owmowonnM a ae 
DOOCOQOODOCOOCOOC0OS 


GI GIGI G3 Gd 


PhIMOM—~ — e-em ee wt et 


Nh) NM HO 
UN te GON 
oOoOOoO 


1260 
1270 
1280 
le 20 
1300 
L310 
love 
ea 
1340 
(350 
1360 
i370 
1280 
1390 
1400 
1410 
1420 
1430 
1440 
1450 
1460 
1470 
1480 
1490 
1500 


~GC10)= 


D(22)=, 


915326 


RAD ! CORR FOR SMALL OFFSET 


' GOTO 


FOR Nal 
DCN) ABS (COS (N*PT#1.46/23.37)) 


NEXT N 


t LONG TUBE GEO CORR... 


1070 
nO vec 


GO1)=,.99602 - 
G(2)2.984117 
G(3)=.964383 
Gi 4) =" s363s2 


2G(5)™=. 9022062 


G(6)=.860311 
G(7)=.81168049 
G18) 2, 75674208 
G(9)=.6959764 


GCl3)=:. 
G(44)= 


6299141 
SOO SSO 4 
.4824135 
- 4058943 
3247655 
2415518 
. 1569648 
sO 239 
.01345009 
09784211 

. 18074880877 
.261 4853 
SiC > ho) (RS! 
2413837 
»48422887 
.9500143 
.61063872 
.66579 
.7149249 
»7577435 
ef dogbee 
Rie Pee Cle \pis. 
8457732 
sold os 
.38693409 
.8704961 
8646722 
prover lass 
sogartsl 
.8071849 
(2096 
» 7383485 
ogeoglc 


6486715 


Beye la keys, 


SSz 











0 


2280 
2290 


2 Sell) 
Zoo 


2410 
2420 


G(45)=.5419471 
G(46)*.4835125 
G47) =, 4224453 

G¢ 48) =, 3593248 

6049) =.2947382 
G(50)=.2292741 

G2=1 

A7(1)=.20134 
A7(2)*.147528 
W2Ginge=-UUOlisc2s2 1eNBiERo 3 
W202) = 0UG) 151946 1 V2ce. Ci > 
¥2(1,3)=.0001152269 ! Cl=1:1248-1082 
V2(2,1)=.0006498109 ! Ci=2;1248-815 
V2(2,2)=.0006497823 ! Ci=3; 1082-815 
V20c oO), 0G05497779 ! P>Eri-60 

F9-1 

TI=19. 

FOR M=1 TO 50 

G1¢2,M)=G(M) 

NEXT M 

wURMie! Ta. 22 

G1¢1,M)=D(M) 

NEXT M 

FOR Ws23 70 50 

G1¢1,M)=0 

NEXT M 

' 


! BEGIN PROGRAM 

PRENMER [SZ 

PRN Vine DATE” 

IMAGE 2X,2D.2D.4X,4D 

PORMRE ES TOCEL STEP 1 

PRON IeR slo 2 

ea USING 2200 ; TIME/3600,DATE 
L= 

PRET 

eeeen ren wines*l ELSE U/=L 
Disee MODE NUMBER IS”. 

DISP “LOW FREQ (HZ) IS",F1 
oer Re@ <H2Zy 1S 2 

Disp cU4eoCALE SENS(VIIS 3B 
CLEAK. @ BEEP 

Disr = seEEC! AIBR SWITCHING - 
GOSUB 7400 ! SELECT ATBR 

Beek 

DISP “GET INITIAL DRIVE VOLTAGE” 
! VOLTAGE 

sieU 

AIRE 

eee lnle SEARCH FOR DRIVE VOLTAGE 
WOU Mae? 94 PR CR eeeeO sy? HZ 
CUT RU why. AM Al. MR” 

WAIT Ti*3 


a ee 


2430 
2440 
2450 
2460 
2470 


2770 
2730 
2730 
2800 
2310 
2820 
2830 
2840 
2850 





OUTPUT .709..°V is" 

ENTER 709 ; Q9 | 
IF Q9>.25 THEN 2470 ELSE At#=At+25 

GOTQ 2410 

JU SeSKS. 35 THEN 2490 ELSE Al=A1-20 

gout 2410 


DISP “PRELIM DATA SAMPLE” 
DISP “USED TO EST BANDWIDTH" 
GOSUB 5570 ! INITIAL DATA COLLECTION 


BEEP 

DTSPS ANGE TI ZE SSenree 

GOSUB 6260 ! DATA ANALYSIS 
BEEP 

DISP “GEL B  BIRS” 

GOSUB con PeGeloee. G BIAS - 
DISP Se IES sgt ee 


Ei (eco micnones oa en ndanomeadueoee ' CORR FOR BIAS ON 1 


BEEP 

DISP “GET ATBR DATA". 

GOSUB 5750 ! GET DATA ATBR 
GOSUB 4450 ! VHF TO NEUTRAL 
PRINT “ATBR DRIVECMV) =" ,A1 
DISP "ATBR AVG TEMP=",TSC( bd 
DISP “AVG ATMOS PRESS MMHG=",P5(1) 
DISP “SAVE & SCALE DATA" 
AS=Al 

A2=Al !' SAVE ATBR DRIVE 

FOR N#=1 TO 26 

GOSUB 3300 ! GET B2 
GS(1,N)=AC(N) *B*B2 

ACN) =G5C1,N) 

NEXT N 

BEEP 

DISP "“ANALYIZE ATBR DATA" 
GOSUB 6260 ! DATA ANALYSIS 
' SAVE ROUGH VALUES 

’ OBTAINED WITH DATA 

' ANALYSIS ROUTINE-11 POINT FIT 
V(1)=P14 

Q¢1)=Q1 

F2(1)2F9 





2360 BEEP 


2880 
2830 
23900 


2320 
4g 


DISP “SWITCH IO 8TAR~ 

DISP “CET “8 -Bias” 

GOSUB 7530 ! SWITCH BTAR 

GOSUB 7210! 3GET EI “A BIRS® 

DISr- A) “BIAS =, 61 

C1¢(1)*C2+.0012485+.000036329"E1 2 ! CORR FOR BIAS iii 


- 334 - 








DISP “GET BTAR DATA" 

GOSUB 5750 ! DATA COLLECTION 
PRINT "BTAR DRIVE(MV)=",A1 
DISP “BTAR AVG TEMP=",T5(2) 
DISP "AVG ATMOS PRESS MMHG="",P5(2) 
¢ SAVE AND SCALE DATA 

FOR N=1 TO 26 

GOSUB 8210 ! GET B1 

G5¢2,N) <A(N) *B#B1 

ACN) =G5(2,N) 

NEXT N 

GOSUB 6260 ! DATA ANALYSIS 
f SAVE ROUGH VALUES 

VG2) =P] 

Q(2)=Q1 

F2(2)=F9 

RECALL ATBR DATA 

Q1*Q(1) = 

F9=F2(1) 

P1=V(1) 

FOR N=1 TO 26 

A(N) =G5(1,N) 


NEXT N 

DISP * RAVINE ATBR DATA 
Q5=Q1 

GOSUB 4510 ! RAVINE DATA 


! SAVE RAVINED ATBR. 
! VALUES | 
Qc1)=01 

F2(1)=F9 

VC1) =PI 

GOSUB 5460 ! GET MSE 


! NORMALIZE MSE 

Ki¢1>=KC1>/P1°2 ! END ATBR RAVIN 
' RECALL BTAR DATA 

Q1=Q¢2) 

Bo=F2C2) 

P1=2V(2) 

FOR N=1 TO 26 


ACN) =GS¢2,N) 

NEXT N 

DISP * RAVINE BTAR DATA" 
Q5=Q1 

GOSUB 4510 ! RAVINE DATA 


' SAVE RAVINED BTAR 

' VALUES 

Q¢2)=Q1 

F2(2)=F9 

V2) =P 1 

GOSUB 5460 ! GET MSE 

NORMALE MSE 

Riek Gly 7P\ 2 1 END BIRR RAVIN 


= ooo = 


3450 
3460 
3470 
3480 
3490 
3500 
3510 
Sail 
so17 
3520 
Joes 
3520 
3530 
3535 
3337 
3549 
3545 
3547 
3549 


3550. 


3640 


o eo © @ @ CP te re. 8 + 8 6 8 O 6 OS 66 US Se 8 


’ 
! GET CORRECT DRIVE 

! CURRENT FOR “A” MIC.... 

! HERE FOLLOW A SERIES OF 

! STRAIGHT LINE FITS TO 

! ACTUAL DATA,ASK VS GET. 

IF F2(2)<520 THEN 3515 ELSE 3520 1 paired 
B6=.92775+.00004979592*F 2¢2) 

GOTO 3550 

TP F202)<1020 THEN Ss25 0 ELSE a3sa0 
B6=.9516+.00000416326S*F2¢2) 

GOTO 3550 

PEP 262) << 15707 (REN aoc o else 3540 
B6=.95412+.000001714286*F2(2) 

GOTO 3550 

IF F2¢2)<2500 THEN- 3545 ELSE 3549 
B6*.95577+6.122449E-7#F2(2) 

GOTO 3550 

poe aeeaee ee »000000222449#F 2(2) 
[1=2"PI™F2¢1)#A2*.001*(C2+.00124885+ .0000363329*E 172). 


000000000001 


3650 


3660 BEE 


2670 
3680 
3830 
3700 
3710 
3720 
3730 
3740 
3150 
3760 


3770 
3780 


DISP “A TRANS CURRENT(A)*=", 11 
? ‘ 

DISP “GET ATCR COMPARISON® 
GOSUB 7680 ! SWITCH ATCR 
GOSUB 7920 

DISP “ATCR VOLTAGE=",V1(1) 
BEEP 

DISP “GET BTCR COMPARISON" 
GOSUB 7800 ! SWITCH BTCR 


GOSUB 8070 

DISPe BiLCk VOLTAGE="", C2) 

! CALC RATIO OF SPECIFIC HEATS J=1=BTAR,2*ATBR 
FOR N=! TO 2 
O=R1/100*,625+10°(23.84-2948/ (273. 16+1TS<(N)>=3.03"EGit 27 


S216 + och) 


3790 
3800 
N) 

3810 
33820 
3830 
2340 
3850 
33860 
3870 
5) 

3880 
3890 
3900 
SoU 


GO=(O*1 .324+(1000-9)#1 .402432)/1000 
GIN) =G0-2*(GO-1)*A7(C)/SQRCF2CN) > +2*(GO-1)*A7(C) *2/F 2¢ 


NEXT N 

1 CHGOPRESS 10) MKS 

FOR N=? TO 2 

PS(N) =PS(N)*101330/760 

NEXT N 

OPEN SCIRCUTT CSENSI LIV ITY CALCULATIONS 

' M1=MA CADJUSTMENT MADE SO REF BIAS IS 200 VOLT 


t M2=MBo C= |=oHORT TUBE 

f M3=MCA C=Z2=LONG TUBE 

' M4=MCB 

f MS=MAB Ci=1=1248T/1082R 


Sa Oa 





Soa) Ho=nen 

3930 Mi=SQRCVC2)8VTC 1) =PIeV2C(C CI) aF2CT O/C ITV 102) #G3K |) PSK 
1>*Q¢1))) 

3940 M2=SQRCVC 1D HV CTD AN1C2) @PTeV2(C CI) F202) / CT 1 eV C2) eV ICT) 
#G69¢2)*PS(2)*Q(2))) 

3948 G1=GI(C,L) 

3950 IF C=2 THEN Gi=! ! LONG TUBE HAS THE REF MIC IN THE END 


3960 M3=M1*V1(2)/(V(2)#G1) 

3970 M4=M2"V1¢(1)/(V C1) G1) 

4000 MS=M2"V62)#V101)/0V01) V1 02) ) 
4010 MB@M1#VC 4) 9102) /0V 02) HVT C1)? 
4020 *t STORE RESULTS ON TAPE 

4030 BEEP 

4040 BEEP 

40S0 PRINTER IS 2 

4060 PRINT “MODE #=",L 

4070 PRINT "“FREQ=",F2¢1) 

4080 PRINT “MA="",M1 

4090 PRINT "“MAB=",MS 

4100 PRINT "'MB=" M2 

4110 PRINT "“MBA="",M6 

4120 PRINT “MCA="",M4 

4130 PRINT "NCB=",43 

4131 PRINT “E1=",€1 

4132 PRINT "E2=",£2 

4140 PRINT "K1¢1)2=",K101) 

4150 PRINT "K1¢(2)2=",K1¢2) 

4160 PRINTER IS 701,80 

4190 ASSIGN* 1 TO "DATI" 

ne: PRINT# 1,L4 ; L,M1,M2,M3.M4,.MS.NG6,P5(1),P5¢2) ,TS(1),TS¢ 
2), 

4210 ASSIGNe 1 TO “DAT2" 

4220 PRINT#¥ 1,L4 3; A2Z2,V1IC1) ,V1C2) ,G9¢1) ,G9¢2) Vl) ,VC2) ,Q¢T) 
Ngee) F261) .F2(2),CT 

4230 ASSIGNe 1 TO "“DATV" 

4240 PRINT 1,4 : GS¢.) 

4250 ASSIGNe {| TO "DATF” 

4260 PRINT# 1,L4 ; F5C,) 

4270 Ul=(M1+MS)/2 

4280 U2=(M2+M6)/2 

4290 U3=(M4+M3)/2 

4300 U4=(M1-M5)#100/¢(M1+M5) 

pele Mewes NG el, Use 2C2).15¢2) ,G01),002) .U1,U2,U3.U4,L 


4320 ! 

4330 ! ITERATE RECORD AND 

4340 ! CHECK FOR END OF RUN 
4350 L4=L4+1 

4360 GOTO 4390 

4370 ! CHECK FOR LAST MODE 

4380 ! OTHERWISE END 

4390 IF L=! THEN 4440 ELSE 4400 


moos = 


4400 
4419 
4420 
4430 
4440 
4450 
4460 


4480 
4490 
4500 
4510 
4320 
4530 
4540 
4550 
4560 
4570 
4580 
4590 
4600 
4610 
4620 
4630 
4640 
4650 
4660 
£670 
4630 
4690 
4700 
4710 
4720 
4730 
4740 
4750 
4760 
4770 
4780 
4790 
4300 
4310 
4820 
4330 


4350 
4860 
4870 
4880 
4890 
4900 
4310 
4920 


[9s Cle Seo 


Ft=l9-2=19/ (Qi =SQR(137F9)> 
P2*ig+2e ts (0 =SGr Crs Foo? 


NEXT R 
END 


' PUT VHF SW IN NEUTRAL 
4470 ! 


QUTPUT 716 USING "2A" 
OUTPUT 716 USING "2A" 


oe¢e¢ @ 6 6 OU HhUhUhHhUM MUM OOChUh PM OH HHH HF 8 & 


RAVINE SUBROUTINE 
RAVINE Q 


FOR M=1 TQ M9 
Q4=Q1/200 
Q3=Q1+04 
Q2=Q1 
Qt=Q1t-Q4 
K(1)=0 

FOR N*!t TQ 26 


~~ Op «o=@ Om omm ¢ 


; wel 2 Ve 
° “BS 


¢$eee¢¢@ 


Ki=(F (CN) /F9-FO/F ON) ) “2*Q1 #Q1 +1 


K22SQR(K1) 


KOT) 9K (C1) 4+CACN) -P1/K2)°2 


NEXT N 
K(2) 90 
FOR N=? TQ 26 


K1=(F (CN) /FO-FIO/F (CN) ) ~2*Q2*Q2+1 


K2*SGR(K1) 


K (2) *K (2) + CAC N)-P1/K2)72 


NEXT N 
es) =U 
FOR N=1 TO 26 


K1=(F CON ES=FS7E (ND? Ze SeGG ee 


K2=SQR(KT) 


K (3) #K(3)+CA(N)-P1/K2)~2 


NEXT N 


K=Q4"(K(3)-K C10) S024 (24K (2) -K C1 -K (3) )) 


Q12Q2+K 
' 


t RAVINE PEAK AMPLITUDE 
4340 ! 


P4=P1/500 
Pose} +P4 
P2se | 
P1=P1-P4 

KO =e 

FOR an = eco 


KV= CR (NDZ FO-FO7F Ch? 2a Qi 


K2=SQOR(K1) 


TOY Se 








KC1)=KC1)+CACND -PT/K2)*2 

NEXT N 

K(2)=0 

FOR N#=1 TO 26 

Ki =(CF CN) /FO-FO/F ON) )*2*01*Q1 +1 
K2*SQR(K1) 

K(2).*K(2)+CACN) -P2/K2) 72 

NEXT N 

K(3)=0 

FOR N=i TO 26 

KT =(F CN) /F9-F9/F ON) ) “2*Q1*Q1 +1 
K2=SQR(K1) 

KC3) =K (3) +C ACN) -P3/K2) 72 

NEXT N 
K=P4=(KC3)-KC1) 9/024 024K C2) -K C1) -K(3))) 
Piepe ek 

t 


RAVINE FREQ 


F8*F9/(Q1*2000) 

F7=F9O+F8 

F6*F9 

Pokl gs kelsts) 

K(1)=0 

FOR Nel TO 26 

K1=(F (CN) /FS-FS/FCN)) “2"Q1*Q1 +1 

K2*SQR(K1) 

KC1)#KC1)+CACN)-P1/K2) “2 

NEXT N 

Rocoa0 

FOR N=! TQ 26 

Kt =(F ON) /FG-FGE/FC(N) )*2"Q1*Q1+1 

K2*SQR(K1) 

Moe) =Ke2Z) AK N) —P1/K2) 2 

NEXT N 

K(3) =0 

FOR N=1 TO 26 

K1=CF ON) /F7-F7/FCN)) “2"Q1#Q1 +1 

K2=SQR(K1) 

K(3)=SKC3) +(AON) =P1T/K2) 72 

NEXT N 

K=FB8#(KC3)-KC 1) /C2* (29K (2) -K C1 -K 03) )) 

FS=F6+K 

aE A one laa THEN? 5370 ELSE.5410 
=Q1 

DISP "Q=",Q] 

NEXT M 

GOTO 5450 

' 


DISP “SMOOTH Q=",Q1 
DESE SHOUlH P=" .F9 
DISP "SMOOTH A=",P1 
RETURN 
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5360 


5870 
3880 
3390 
59300 
5210 
S20 
0230 
53940 
SI50 
9360 





#ese es 8s @@ ¢@hHmhUchOMmhUCUcM HOmhUhOrLhUchOmrhMUhOrhUchrhUhMhMrhUCUc 71 FH HF HF HF F 


i] 
! MSE SUBROUTINE 

f 

K(1)=0 ! SUB TO GET MSE 

FOR Net TO 26 
K1e(F(N)/F9-F9/F(N) 7 2*Q1*Q1+1 
K2*SQR(K1) 

KCL #KC1)+CACN) -PI/K2)72 

NEXT N 


eee ¢ © @ © @ © @ ee HH eH ew ow ee oe oe 


' SUBROUTINE 
t 


A5=0 

Dis(F2-F1)/25 

Fer 

QUGEUT 70 SER ae gas 
UE UT ele art eal 
FOR Nei TO 26 

FCN) @F 

GUPPUT. 71 2o gO PR GP OND tee 
WAIT 411 

HUTRUT 709s, Vi37 

ENTER 703 ; ACN) 

FeF+D1 

NEXT N 


oer25v2ee#es#5u§eet*s# ee #® @ #¢ # ¢ # #© # # # # # #8 


oe? © @ @ @ @ @ © @ ee © © FF © © & & © € e  @ 


GUTRUT 7G eR Se Se ae 

IF A1>3455 THEN 5810 ELSE 5830 

BUTPUT 717-3 7AM 3455, TRY 

A1=3455 

GOTO S910 

GBUTRUL Woy AN ei Re 

WAIT 8*Tt 

BUTEUT 70S 2 Vise 

ENTER 709 ; Q9 ! FRACTIONAL VOLTAGE OUTPUT FROM 5204-70 


IF '(99>.85. TREN 5690 €LSE-Al=AlZ5 
GOTC 5800 

Lp O3<295 THEN S910 76CSe At =A1-20 
GOTQ 5800 

DISP “DRIVE VOLTAGE(MV) IS” ,AI 

Dis (E2-F ids Zo 

ae “REQUESTED DRIVE VOLTAGE =",A! 
QURUT TCs Re mee 

UUTPUL 27 = A A a 
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6480 


GOSUB 7110 ! GET PRESS=P 
Pot J) =P 

T8*TIME/3600 

GOSUB 7010 ! GET TEMP=T 
TS( JT 


FOR N=1 TO 26 

ACN) #0 

P(N) =F 

FOCI .ND OF 

OUTRU Tey 3 eRe (ND), AZ” 
WAIT 8#T1 

FOR Q6e1 TO 16 
QUIEUT EOS 5 “Vise 
ENTER 709 ; B1(Q6) 
ACN) #ACN) +B1 (Q6) 
NEXT Q6 

ACN) ©ACN) /16 
FeF+D1 


- NEXT N 


OUTPU lee ay Ant. te Mie 
GOSUB 7010 ! GET TEMP=T 
TS(J)9(T5(J)+T)/2 1 AVERAGE TEMP DURING DATA 


T9=TIME/3600 


ne ee19):/ 2 


[COSUBe 0). GE) PRESS=P 


PS¢(J)9(P+P5(J))/2 ! AVERAGE 
PS(J)=100"PS5(J) ! ADJ=MMHG 
PS(J)*P5(J)+4.2646 ! CAL 
RETURN 

I SAG te 5 oly 6.6 TON oO erm Clem 
! RAW DATA ANALYSIS 
SUBROUTINE 


AS =AMAX(A) 

FOR X=1 TO 26 

IF ACX)*AS THEN 6340 ELSE 6330 
NEXT X 


Y3=0 

FOR Ne] TO 7 

FI(N) =F (AG-44N)-F (AG -3) 
A3(N) =A(AG-4+N) -A(AB6-3) 
NEXT N 

FOR I=1 TO 7 
X4=X4+F1(1)°4 
X3=X3+F1¢(I)°3 
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7010 


X2"X2+F1¢(T)°2 
Xt=XT+4F ICT) 
Y1=Y1+A3(1) 
Y2eY2+AS( IWF ICT) 
Y3*Y3+A3 (ID @F1(I)72 
NEXT I 

BC t,1)=#X4 

Bt »2) 2X3 

B(1,3)#X2 

B(2,1)#X3 

B(2,2) 2X2 
B(2,3)=X1 
B(3,1)=X2 
B(3 
B« 


C(3)=¥1 

MAT X=SYS(B,C) 
FQ9=e-(X(2)/X(1)#.5)+F (AB-3) 
P1=X(3)+A(AB-3)-X (2) 72/(4"X(1)) 
H7=P1/SQR(2) © 

FOR I=1 TO A& 

IF ACI)<H7 THEN 6730 ELSE” "8790 
IF H7<ACI+1) THEN 6740 ELSE 6790 
F3=F(T) 

H3=A‘(I) 

Fo=F(I+1) 

H4=A(I+1) 

GOTO 6800 

NEXT I 

FOR N=A6G TO 26 

IF A(N)>H7 THEN 6820 ELSE 6880 
IF H7>A(N+1) THEN 6830 ELSE 6880 
FS=F(N) 

HS5=A(N) 

FE=FCN+1) 

HG6=A(N+1) 

GOTO 6890 

NEXT N 

F7=F3+(H7-H3) #(F4-F3)/(H4-H3) 
F8=FS+(HS-H7) #¢(FG-FS)/(HS-HS) 
Q1=F9/(F8-F7) 

IF J1=0 THEN 6930 ELSE 6950 
F1=F9-F9/Q1 

F2=F9+F9/Q1 

JT=J1+! 

CLEAR ® BEEP 

DISP “RGUGH Q=",G1 

DISP. “ROUGH Fe"'.F9 

DISP “ROUGH A=",P1 


RETURN ! END OF RAW ANALYSIS 
! ale 


¢ee¢e*e8#@ © @¢@ @ © © © eh ehUhOhUM HhUcPChUCUcMOmrhUCUchFrhUchhUhhUhhUhhUlUh}hUh} 
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( 





7490 
7900 J 


530 


! SUBROUTINE TO GET TEMP 
! DEGREES CENTIGRADE IN 
ye eneee * T 

? @¢¢# ef &@€ @ 
OUTPUT 709 ;"D04, 1" 
GUTRUT S722 S"FARIMGTI” 

WAIT S000 

ENTER 722 ; 7 

RETURN 

SUBROUTINE TO GET ATMOS 
t PRESSURE IN MMHG = P 

' 


OUTPUT 709 ;"DC4.1" 
QUTPUT 709 ;"D04,2" 
OUTPUT 722 ;"FIRIMOTI” 
WAIT 1000 

ENTER 722 ; P 

RETURN 

; “SUBROUTINE TO GET SIDE 


t “A BIAS VOLTAGE = EI 


! 


OUTPUT 709 ;"DC4.1,2" 
OUTPUT 709 ;"DO04,3" 
OUTPUT 722 ;"FIRIMOTI” 
WAIT 60000 

ENTER 722 ; El 

RETURN 

Y 

t' SUBROUTINE TO GET SIDE 
! "BY BIAS VOLTAGE = E2 
OUTPUT 709 ;"DC4.1,2,3" 
GUTPUT 722 ;"F1R1MOTI" 
WAIT 60000 

ENTER 722 ; E2 

RETURN 

? : 

! SELECT 

ATBR 

OUTPUT 709 ;"AR” 

OUTPUT 709 ;"DO4,7,12,13" 
OUTPUT 709 ;"DC4,4,10.11" 
DISP "A-TRANS, B-RCV" 
OUTPUT 716 USING "2A" ; “a4” 
OUTPUT 716 USING "2A" ; “Ba” 


WAIT 10000 ! ALLOWS 
j=! 

OUTPUT 709 ;"ACI" 

RETURN 


TRANSCIENTS TO DIE OUT 
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7750 
7760 
7770 
7780 
7790 
7300 
7810 
7820 
7830 
7840 
7850 
7860 
7870 
7880 
7830 
7900 
731.0 
basil 
7330 
7940 
7950 
7960 
12370 
7380 
7330 
3000 
8010 
8020 
8030 
8040 
8050 
8060 


' BTAR 

! SWITCHING 

t 

OUTPUT 709 ;""AR" 

QUTPUT 709 ;“D04,4,10,11" 

! SW SOURCE TO B. PWR ON B 
OUTPUT 7/09 .°DC4.75i2.t3" 
DISP “B-TRANS ,A-RCVR" 

OUTPUT 716 USING “2A” ; “AI” 


OUTPUT 716 USING “2A” ; “BI" 
WAIT 10000 

J=Z 

OUTrUun 70395; “AC IO" 

RETURN 

t oeoeef €@ ef Pe Pee He we HHT HH 8B Oo B 
ATCR SWITCHING 


CUIPUT 702 = AR 

OURPUT 209" *"DO4 70h cles 
QUTEUT 709 Ss" DC a ar Or aie 
GUTPUT 716 °USING “2A = a2" 
GUTPUT 7 t6 USING “20; ace 
t ATCR 


OUTPUT 709 ;"ACI" 

WAIT 10000 

RETURN 

i] 

! BTCR SWITCHING 

ce 

OUTPUT 709 ;"AR" 

OUTPUT 709 ;"DO4,4.10.11" 
OUTPUT 709° 2 Dean? Nees 
OUTPUT 716 USING "2A" ; “A2" 
QUTPUT 716 USING “2A” ; “B2" 
' BTCR 

OUTPUT 709 ;"AC10" 

WAIT 10000 

RETURN 

$ 

! SUBROUTINE TO GET 

' ATCR=VI(1) 

OUTPUT 717 ;"FR",F2¢1), "HZ" 
OUTPUT 717 ;"AM",A9, “MR” 


S220 

FOR N=! TO 36 
WAIT ST! 

QUPEUT 709; 'VI3" 
ENTER 709 ; S4 


$5*S5*B/G2 
V1¢1)2S5/36 
RETURN 
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IN-QUT RELAY 








( ee ee ae ee Sat OC St eC EC Sy SO Sot SOC SO, ON SL 2 


! SUBROUTINE BTCR*V1(2) 
OUTPUT 717 ;"FR",F2(2) "HZ" 


OU ZU 7 V7 "AM" AT, “MR” 
SO 

FOR N#1 TO 36 

WAIT 8#T1 


OUTPUT 709 ;"VT3" 
ENTER 709 ; S6 


S7*S7#B/G2 

¥1(2)#S7/36 

0 RETURN 

| SUBROUTINE TO RELATE 

! MIC "A"1248 RECEIVED VOLTAGE TO $204 I 


IF FS(2,.N)<300 THEN 8240 ELSE 8250 
B6*#10.05431 

GOTO 8270 

TEVhoC2Z.No<i200) THEN 6255 ELSE 8265 
B6<10.0683817-.00001030612"FS(2,N) 
GOTO 8270 

IF F5(2,N)<SS00 THEN 8266 ELSE 8268 
B6#10.062585-.00000262425"F5(2,N) 
GOTO 8270 
B6=10.071968-.00000457469"FS(2.N) 
Bem CelC2 ello +1) 20 cl (2) @BlAR rr ;Cl(1)=1248+6LAS Pr 


B4a(1/(2PT@F5(2,N)RB@C1(1)*.0000000000012)~2 
BS =SQR(B3+B4) 

B1=BS/B6 

' BIreAI(1,U7)/B6 ! XTRA 

RETURR 

SUBROUTINE TO RELATE 

' MIC “B"1082 RECEIVED VOLTAGE TQ $204 INPUT 
IF FS(1,.N)<300 THEN 8330 ELSE 9340 

D6=9 62515 

GOTO 8370 

ieee? <1 100) THEN 8345 ELSE 8355 
D6=9.642248- .000019408164F5(1 ND 

GOTO 8370 

PP koGisw2<o500 THEN 8360 ELSE 8366 
D6*9.627574- .000003284514"FS(1,N) 

GOTO 3370 

D6°9.638486- .00000S069388"FS<1,N) 
D3#(C1(4)/C1(3)2%1)°2 $ CIC4)*ATBR PF ;C1(3)=#1082+ BIAS P 


D4=(1/(2=PT#FS(1 ND #R9@C1(63)*.000000000001)) 2 
DS=SQR(D3+D4) 

B2=*DS/D6 

' B2*A1(2,U7)/D6 ! XTRA 

RETURN 
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9D. VARIABLE DEFINITIONS USED IN THE FROGRAM ( 


Ate. = 


AG = - 


A1C] 
A1iC,1- 
A7C] - 


At. = 


= _ 
ion 


Azo] - 


BE] - 
BE,] - 


Eeeig 


BS = 


ae 
Es. 


ic 1 = 


Naat 


The microphone signal voltage corrected for the ingeut 
transfer function to the lock-in analyzer and the 
analyzer’s sensitivity. The argument is the number of 
one of the 26 data samples seen at each mode. 

Initialized variable always equal to zero. 

Temporary storage for drive voltage in millivolts. 

The drive amplitude desired in millivolts. 

not used. 

not used. 

An array used in the program. correction to the ratio oat 
specific heats. The argument is "C”. é 
Temporary variable used 1n the raw data analysis routine. 
to indicate the data location of the peak signal ootainec 
Storage of statistics 1n raw data analysis routine. 
Temporary storage for drive voltage in millivolts. 

not used. 

The PAR 3204 sensitivity in volts. 

not used. 

An array used to store variadles used in a least Square 
error f1t to a second orcer polynamal. 

A temporary accumulator for the signal averaging 
associated with each data point in tne 25 point sampie. ( 
S temporary output used in relating the "A side" s¢1qGna! 
voltage to tne FAR S204 input voltage. . 
Used in the subroutine calculating drive current. ro 
multiplied by the "asked tor" voltage yields the “get 
Griving Voltage tor = san. 

Usced as a temporary variadie® 17 Gre signal cranes: te: 
Pune ULen re Latino wee ‘' microucnone signal toi 
Sel ayes 

4 temporary output used in relating ine “A sice’ = 7Gime 
/O.tage to the PAR 3204 input 97ve eae 

mM program indicator of short tube ‘(C=i) or long [ame 
Ci=2 = 

A dummy variable for microphone #1243 capacitance. 
Storage of statistics 1N raw data anaiysi1s routines. 

A dummy variable for microphone #515 capacitance. 


a4 


WV 
/ 


Lie 
ST te ak 


An indicator of cavity volume i= !248-10ce 
EGOrrection with redard!) te nies 2= 1249-315 
microphones are mounted in the ends. S= 1082-35. 

| 
AN array containing measured micrapnane capatite css ae 
System capacitances. ij.@d i.ater (S store <twre inicr Ol eee 


capacitances corrected tar hiaS voitage. 


‘s 


A dummy variable for micranhone #180 capacitance. ' 
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D4; 


Di = 


ag 
ert J 
a4 


at J 
as 


FSC,1- 
ee 


Fo; 


Flo 


Fic} - 
F7 = 


F7Ci - 
FE 
FSO 


x 
FS 


AN array containing the geometrical correction tor cha 
Knowles subminiature microphone mounted 1n tre wall of 
the short tube. The array argument 1s the mode number. 
Temporary variable used in calculating the '‘ATER"” signel 
transfer to the input of the FAR 3204. 

Temporary variable used in calculating the "ATER" signal 
transfer to the input of the PAR 3204. 

The frequency increment in the initial data sample. 

"D6" multiplied by the "asked for" voltage yields the “ger 
driving voltage for "ATER". 

Used as a temporary variable in the signal transfer 
function relating the "ATBR" microphone signal to the FAR 
m2O4 1mpue. 

"A side" bias voltage. 

not used. 

"R side" bias voltage. 

The frequency in the initial data collection routine. 
Temporary storage used in initial data collection. 

Upper half power point calculated for the raw data 
analysis. 

Temporary variable used in the raw data analysis ror the 
Quality factor Q1. 

not used. 

Temporary variable used in the raw data analysis for the 
Quality factor Q1. 

Current best estimate of resonant tregquency. iJseqd aisc 
as the unperturbed value of frequency in the Ravine 
subroutine. 

The initial estimate of the low frequency boundary or tne 
first modal resonance of interest. Later used as a 
program calculated estimate for the lower frequency 

of the initial search band for the the next lower modal 
resonance. 

storage of statistics 1n raw data analysis routi 
Lower half power point calculated ror tne raw Gdat« 
analysis. 

not used. 

Unperturbed frequency 1n the favine subroutine. 
Temporary variable used in the raw data analysis ratine 
The initial estimate of the high frequency bourdary at 
the first modal resonance of interest. Later used as = 
program calculated estimate for the higher frequency ct 
the initial search band for the next Lower modal 
resonance. 

Storage array for the ravinedc estimate of frequency, for = 
nodal resonance. 


fs 


fie Re=atieem tea MeGorirteceloanm for the 1°2 inch x. > ott 

MEUneed in Ehe wall of Tre tone | -, re Z 

rye i oY Ge at —_ na See ee 

a : Se ea S.te G2 sanpied st each : 
ita , the SoC ier oS A nse ay ff S- 


Gola = 


G4C] - 
eal = 


Siti = 


G2 = 
S20 1.-= 
GO = 


H4 = 


a We oa 


fee os 


J1 = 


eae eit Oe 
rj eRe s+ MS 

rv 

LJ 

| 


{= 
, 


+ 


= _ 


argumen> oes {‘ = A7SF «2m ite 2 = BYAF and =f 
argument 1s the point number of the data sample (1 fam 
The effective ganma as calculated by the computer 
program. The argument 1s "CC". 

not used. 

Temporary storage for GiIC,jJ in the calculation of the 
various microphone sensitivities. 

A temporary storage for geometrical correction facters. 
G1iC2,m1=GCm) and Gili,mjJ=DCm)]. M = mode number. 

Always equal ta one. j 

not used. 

Temporary variable used 1n the program correction to the 
ratio of specific heats. 

Used in initial determination of quality factor, Q1, 
resonant trequency, F9, and peak amplitude for the 
resonance, Fil. 

Used in initial determination of quality factGa aaa 
resonant frequency, FY, and peak amplitude for tt:e 
resonance, Fl. 

Half power ampiitude used in the raw cata ana:i,sis used 
for the initial determination of quality fact ar fee 
resonant frequency, F?, and feak anplitude for the 
resonance, Fil. 

Used 17 initial determination GF Guaiity factor jae 
resonant frequenc;, FS, and peak ampiitude for tne 
resonance, Fi. 

Used im initial determination of quality factor, sae 
resonant frequency, F9, and peak amplitude for tne 
resonance, Pl. 

A program counter. 

The center frequency calculated for the next lGwer madal 
resonance. 

Tha transmitting current calculated using tne Cafpacit.-e 
model for the microphone and the driving vaitage alr 5ss 
the micropnone terminals. 

A program flag used in the switching subroutines anc 
later used to indicate BTAR or ATBR in the date. 

A flag used to indicate when the initial data sampie 13 
complete or not. If Ji = 1, then the initial sampie is 
Over. 

Used in the Ravine subroutine as a temporary caliculiati 
of the "step" correction to e1ither Fi, O1, or FY due Come 
previons perturbdation. 

Mean square error output by MSE subr-jutine. 

Ised in the Ravine suoroutine as a tenporary caltuiat.v 


-4 
L! 


4 








Normalized mean Square error. Used 1° “avine su | 
ised in the Ravine subroutine as A TEMNG9ra. 4 Tal CUD ae 
Re anitral High mege “Wasi 
A coumter usec 23 indicate the mignest -eca73 inter 
.nNteresc . 
TRhe imitial low moce muamber. 
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Ei oes § 
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Pa 


wal 
Pd 


oe 
¥ 


Q4 


9 


OS 


ieee 


ee an 


Comparison calibration of Mic "A" Sased upon tre 
mealiprocie, Calloration of Mic “B". 

EQOmpPearisom Caltoration OF Mic “To [AaseG 2. fu: = 
een tees eee lin tos amen) “Oe 

a re neo ar ravines" SBesirec in tre leas. 
Square error analysis of F, OG, ang A using a Ma,yici, 
line snape. 

Seer selec a Wor attemer er 9 =iGe" m.crophone. 
Camparison calibration of Mic "HK" based upon the 
PeG?orOoGl Gye calleracion of Mic “A”. 

Comparison calibration of Mic "C" based upon the 
reciprocity calibration of Mic "A" 

Reciprocity calibration for "B side" microphona. 

A program counter. 

The mass of water in the atmosphere per unit volume A= 


temperature and relati.é 
computer correction to 


Calculated by reference to the 
humidity. This 18s used in tne ee 
ratio of specific heats due to the non~-adiabdatic oGcuncar 
cConcitions within the resonant cavity. 

The output variable in the subroutine used to measure 
atmospheric pressure. 

The average atmospheric pressure cbtained over one modal 
data sample. Used aiso as the initial pressure obtained 
before the data sample 1s obtained. 

iijecmeamaoinme By Witenes tne peak veltage 16 perturbed in tne 
Ravine subroutine. 

ee Pa ao 

The best estimate of the peak signal voltage. Tne 
perturbation in the signal voltage in the Ravine 
subroutine. 

The higher perturbation of 
subroutine. 

The previous best estimate or 
Current unperturbed value for 
Ravine subroutine. 

Storage array for the ravined 
factar for a modal resonance. 
Temporary storage for quality 
subroutine. 
The size of 
subroutine. 
A sample of output voltage used 
optimum initial drive voltage. 
A counter in the signal averaging associated with cone 
point data sample. 

The current best estimate af the 


1 Ower 


the peak voltage in 


the peak voltage 
the pear voltage 


estimate of the quality 


factor used 1 Navine 


the perturbation of "@" used in the Xavine 


DemeeinG seercm tor tre 


sil ae The lower 


li 


perturSation of the value for "QQ" in the Ravine 
subroutine. 
eee a Peter OAtITOn Ot the valie -or “"B" tn the fa... 


Subroutine. 
The orevious best astimate and 


furrent unperturbed veitea 
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the Ravine 


RS 
RI 
R1 
s5 
$4 
S7 


36 


Hee) 
gies Ge) 
Be 
coos 


Vectee 


T4C) 


es aria Oa 
ee, | 


ime 


xX 
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for the value of "Q@" in the Ravine subroautinae 
A program counter for mode number under consiceratioan. 





"A side" effective resistance including the ina 

resistance and the bias blocking resistor. 

"B side" effective resistance including the input preamp 

resistance and the bias blocking resistcr. 

The relative humidity observed at the beginning of the 

experiment. 

An accumulator in tne subroutine obtaining comparison | 

voltages. | 

A sample variable in the subroutine obtaining comparison © 

voltages. 

An accumulator in the subroutine cbtaining compariscn 

voltages. 

A sample variab:e in the subroutine obtaining conpariecr 

voltages. 

Temperature variable in the “Get Temp" subroutine. USsea 

as the temporary storage for the value of temperature 

obtained just arter a data sample has been obtained. | 

The average temperature obtained over one modai data 

sample. 

not used. 

not used. 

The time im decimal Neurs at the Seginning af a tata 

sampie. 

The value of modal temperature before the data Samples 

are taken. Also used to store the average value of 

temperature associated with a modal calibration. 

not used. 

The FAR 3204 time constant (sec.). 

The time in decimal hours at the end of a data sample. 

fhe percent uncertainty between Ma and Mad. 

The average value of Ma and Mab. 

A program tlag; 1+ U7S1, tnen erase the tape; it U7 Se 

chen do not erase the tape. Later in the program, “(iia 

13s used as a counter (see line 2260) logicaily reiated 73 

either the long or short tube as a count ot mode number 

The average value cf Mca and Mcb. 

The average value ot Mb and Mba. 

Storage array tor ravined signal voltage at madat 

resonance. 

Storage array for the comparison voltages; 

1 Svea. 2 = “Veo. 

not usec. 

AN array storing the corrected volumes. The argunenté 

are. “GC gama, Clas 

Output ct matrix tunmetion in raw data anat,sisS FSi 
= F 


Dr ee im 


rt 








Storage of statistics 1h raw date anawysi = | one 
Storage ot statistics in raw data anal,sis rceutine. 
Storage ot scatastic=e in raw Gata anamesis | 982s 
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X2 —Seaocorage Gf Statistics im raw data analysis routine. 


vey, - Storage of statistics in raw data analysis routine. 
vies - Storage of Statistics 1M raw data analysis routine. 
ce - Storage of statistics 1M raw data analysis rcutine. 


Note: A number of iterations of this program were written toatn 
im 1ts development and to accommodate the tive different 
electroacoustic configurations described in chapter four. Asa 
result, mot all the original variables were empioyed in the tinal 
program. Since computer memory was not a problem, the dimansion 
statements for these variables were left unmcnanged to facilitate 
returns to older configurations. This 185 why some of the 
Variables are listed as "not used" in this particular version. 


= Sale 


APPENDIX C 


DESCRIPTION OF THE PROGRAM USED TO OBTAIN 
THE COMPARISON RATIO, Vb/Va IN THE FREE FIELD 


COMPARISON CALIBRATION 


A. INTRODUCTION 


The computer program written on the following page was 
written in Hewlett Packard series 80 basic. It was used on 
the HP-85 and obtained the comparison voltages for the free 
field reciprocity calibration. 

The following pages are separated into three different 
parts for convenience. First, there is a functional 
description of the program shown in table C.1. Next there is 
the program listing and last there is a list of definitions 
for the variables used in the program. Figure 3.2 in the 
beginning of chapter III illustrates the equipment setup 
controlled by this program. 


The functional outline is) shown next. 


moos = 








B. FUNCTIONAL DESCRIPTION OF THE FROGRAM 


This program 1s divided into six subsections cutlined 


below: 


Initial setup using W.E.6490AA microphone. 
Calculation of voltage division for condenser microphone. 
Speaker transmit, W.E.640AA receive data. 
Secondary setup using Altec 688A electrodynamic 
microphone. 

Speaker transmit, Altec 688A receive data. 
Calculation of ratio 640OR/688R vs. frequency. 


Wh 


O@ i 


These six functional descriptions are more fully described 


in the table below. 


— S05 - 


—— eee ee 


Beginning line number —- functional description 


10 


40 


22 


LAO 


— a 


— ec mm mcm we mc me me ee ee mm mc me ee em ee ee ee ee ee ee ee eee ee ee eee ee 





Frogram initialization and equipment setup. The condenser 
microphone must be set up before proceeding with the run. 
This operator modifiable line dictates the frequencies that 
will be examined for a signal voltage. In this example, we 
start with mode 19 and proceed through mode Si. These 
modes refer to the longitudinal resonances obtained in the 
long tube with plane wave resonant reciprocity. 

Here the circuit variables involved in the voltage division 
associated with the condenser microphone are used to 
calculate the signal transfer function. 

Twenty five samples at each frequency of interest are 
averaged to reduce the error associated with a low signai 
to noise ratio. The average and standard deviation are 
calculated and stored. 

The operator is cued to enter the anechoic chamber to | 
remove the condenser microphone and replace 1t with thre 
Altec 688A electrodynamic microphone. A three wire support 
was used to spatially relocate the Altec i1n the same 

DOSi tl on. : 
Data sampling for the Altec 688A begins in the same fashian 
described in line 60 above. | 
The HP-S35 begins calculating and printing the resul 7S aae 
iet the operator tnow that the prccedure 15 finistisu. 
Both the average ratio ana the standard deviation of tre 
ratio are computed. 


ee ein 


em cc ce em ee eee eee me ee ee ee — <r  c  e ee eee ee oe 
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i‘ 
Lion 


PROGRAM 


eS ee 


BPTION SASE | 

DIM AC2. 400 R400 C3 40> 

OUP EU ence wea 
Bonne hole STEERS 

S=0 

Q=9 

eS ee 

Cr-52./ 2c 00124657. C000 S532 42) 2 
R8 23247663 
B4=(1/¢2=P1*245«4*RS*C*.000000000001))"2 
Cleasok @(255/0>1) 2134) 

FOR N=! TQ 25 

QUTPUT 717 4°FR® ,Me245,°HZ” 

WATT 500 

HUTPUVS 0st Vis 

EROS 3 1S 


105 $1#S1+*.001=G1 

ie =o7 51 

iia) O=OrSi =e 

120 NEXT N 

eOr ACW ho =S725 

foot! my =tGe2senCl ih) 2) 7/24 
140 PRINT "" 

145 PRINT “FREQ=" ,M*#245 

our RINT: (ACH nCr tl) 

fo0 NEAT A 

170 CLEAR @ BEEP 

icQwW Ise “SEX UP NEXT ie Non 
WJ0eDISP “PRESS CONT WHEN DONE” 
200 PAUSE 

ARO Malo) ORS STEPS 


0 $20 


ree) WEN!) 

CoumEOR N=1 10 co 

Osos OUipU eal s PR M245) HZ 
250 WAIT 500 

PoUeeuTERUl 709 3 Vis" 

ZOSEN TER 7 Goe; Sl 

Ais SS U0 

LeU MSS S25) || 


= Gon) 


e930 NEXT N 

SU0en Ce, 1) =S7 25 

305 Ste MI =0G—25-=AC2 MN) 2)724 

S1GegeR INT" 

Slee PRINT “PREG siaiMe245 

SZ0CPRINI At2snp= ,ACe, > 

SURE i 

340 PRINT "” 

350 PRINT “AVERAGE RATIOS” 

350 PRINT ~~ 

s7Umnen  ti2'S SUM Stier “3g 

Solera in) GPOR ,fie24S5,°HZ, R= 7AC1, MO 7AC? MD 
BOUPRINE = 

SsoeeR NT “SORGG=  ,SOR(SCI M2 +S(2.6)>) 
400 NEXT M 

ve Geenk * Bere 

42) DISP “THE END” 

430 END 


="Sa0 — 


D. VARIABLE DEFINITIONS USED IN THE FROGRAMM Ysera. 


AC,4 


B4 


eA 


G1 


SC,] 





Storage array used to store the individual values of the 
ratio. The first argument is i = condenser mic; 2 = 
electrodynamic mic and the second argument is the mode 
number, "M". 

Temporary storage for a portion of the transfer function 
of the input acoustic signal. 

The bias voltage corrected value of capacitance for the 
condenser microphone. 

This is an operator modifiable value of the measured 
bias voltage for the condenser microphone. 

The calculated value of the transfer function at the 
frequency of interest. 

Mode of interest. 

Sample counter. 

Parallel combination of the bias blocking resistor and 
the input resistance of the signal preamplifier. 
Accumulator for sample voltage. 

Sample voltage. 

Array storage for individual ratio sigmas. The 
arguments are the same as used for AL,]. 

Accumulator for sample voltage = juared. 
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APPENDIX D 


DESCRIPTION OF THE PROGRAM USED TO 


OBTAIN THE FREE FIELD COMPARISON CALIBRATION 


A. INTRODUCTION 


The computer program shown on the following pages is 
written in Hewlett Packard series 80 basic. It was used on 
the HP-85 and completed data acquisition and a comparison 
sensitivity calibration for the W.E.640AA serial #1248 
condenser microphone. The most time consuming portion of 
the program is that associated with operator interaction. 
The operator is directed to enter the anechoic chamber’ and 
measure the separation distance between the diaphragm of the 
Bensenser microphone and the shielded front end of the Altec 
688A electrodynamic speaker microphone at the beginning of 
the run, at a check point in the middle of the run, and at 
the end of the run. After these operator measured distances 
and a few other parameters are entered into the computer , 
the program does the rest. 

At the end of each series of measurements at ever 
increasing separations, a "quality control" plot of the data 
1s provided for operator viewing. Two plots are provided to 


the operator. The first is a simple plot of signal voltage 


=o <= 


vs range and appears as a i1/r type plot. The second plots 
the logfv) vs -log(r). If the slope of the log/-log plot is 
exactly one, the spreading is spherical. Of course, the 
slope is never exactly one, but variations due to standing 
waves and other difficulties are easily seen and prompt 
experimental repair prior to taking additional data. 

The following pages are separated into three different 
parts for convenience. First, there is a functional 
description of the program which is listed in table OD.1. 
Next, there is the program listing and last there is a list 
of definitions for the variables used in the program. 


The functional listing for the program is next. 


= 5) = 








Pee PUNE YTIGNAL DESCRIPTICN OF THE FROGRAM 


The main program 1s divided into seven subsections as 


outlined below: 


1. 


These sever tunctional descriptions are more Fully cutiinrsed 


Initial program setup with operator inputs. The 
W.E.640AA 1S the microphone and the Altec 688A 

is the speaker. 

Motor drive activation and sequential sampling at 
intervals of separation begins. 


Program stops and cues operator to enter the anachoic 
chamber to obtain a "check" distance. 

Motor drive 1s activated and sequential sampling at 
intervals of separations continues to the end of 

the data run. Total time is * 45 minutes per freq. 
The operator 1S again cued to enter the chamber 

and obtain the final distance. 

After the operator enters the final distance, the 
Drog-aieeniters tne Calculation pmase and outputs 
the "check" plot. 

If the operator observes an absence of obvious 
standing waves and desires to use the sampled data, 
then he answers a query regarding the type of 
electrodynamic microphone used (either 688A or 625), 
rmnAputs a check value for the current measuring 
resistor, and the program calculates the comparison 
calibration for the W.5&.4640AA. A sample ot tnis 

Ste otte lt > SHOWN Li flaQuires 260, 9.2/7, and 2.23. 


fam) 
— 


im the table below. 
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— ec cr cc cc ce ee ee ee eee ee ee ee ee eee ee ee ees 


Beginning line number ac 


10 
40 


aO 


60 


110 
130 


re, 


tos 


Zoe 


20) 


on uh 
Uh 


ae 


(t 


Functional d@=sea seman 


Frogram initialization and equipment setup tGegins. 
The counter 15 reset to prepare for the new run. 
The computer control is directed to send a 
command. 

The operator 1s asked to set 
first Gua @f the day. 

The arrays are dimensioned. 
The subroutine to set up the recording magnetic tape 
SF titre 

The subroutine storing the preamplifier gain 15 run 
loading this info into the array AC). 

The least square error fit solutions relating 

"asked for" driving voltage to “measured” drive 
current through the current measuring resistor are 
read into the proper arrays. 

The operatcr is asked to enter the initial "record" 
number where the data will be stored on the magnetic 
tape. 

The first 
is begun. 


in the time rf 


"run" prior to the first data sample (N=1) 


1t 1s tae 


“motor Ota 


{D 


0 


Note: regardless of what setup existed, the program 

printed "635 Trans, 640AA receive” due to the fixed 

value of Fl finally adopted in line 15. A later 

query actually determines the value for "Vratic" 

which will te used. 

Hras voltage 1s obtained. 

Operatcr is asked to enter sesired mede mutter ana 

a0 Gee. tO. CAG eo lwbe ioc ae 

Userator i:5s asked to enter the desired dri /ing Mew 

tor the speaker. 

Operatcr 21s asked to enter the voltage grep across tn 

current measuring resistor. 

Subroutine entering the values of Vb/Va determinec in 

the program "Vratio”" amitializes the necessary arrays. 

Operator 1S asked to enter the FAR S204 sensitivity, : 

voits. 

Operator is ashkeg to enter tre Sm 22.4 ¢...= oo 

Coeratcr 15 Senne Ll 2@fter ~18 2395 02 eee eee 

mL mes Si.2 4.8pruT7agm Of The COnesnse" (nts 2a 

and ne &lectroG amis meer Sea] ee 

weer atlr 1.4 ao! 22 te. jesus, = 2.2 Sea eee 
Bee 28 5 4 ste $B GHB GS See ee 52716 cee 
S278 3.24aSureanenc 1s used amGa a .ater neasuremernt if 

made, the a.srage value 1s eventually used to rompers 

+ 5 


Oh erat 7 
the 


Siignt temperature 
(esi cearte- 


G25e Gen =. eae a= 


= SOO \= 


+ OuUmsLe 





{ 





830 
840 
270 
e100 


a7 Oo 
hea 20 


1760 
e770) 
m4) 
2040 


Zot) 


240 


ea. 


2/76Q 
2830 
m7 oO 
me) t) 
meee.) 
3690 
mee 7) 
eiayt ){} 


met: 


é 


wm me 


The bias voltage 1s sampled. ‘thoidover from previcus 
version) 

The tabulated frequency dependent gain tor the 
preamplifier is read into an array. 

The “counter” output from the optical shaft enceder 
initialized. 

The temperature 15 sampled. 

The atmospheric pressure 1s sampled. 

The bias voltage 15 sampled. 

Data sampling ioop begins. The drive motor 18 activated, 
allowed to run Til milliseconds, and turnea off. A 
delay of fifteen seconds 15 observed to allow Swaying 
to cease. 

Thirty Gata readings are sampied at 
At the eighth interval, the operator 


iS 


this separacian. 
is asked to enter 


the anachoic chamber and obtain aA COmparison separat.cn 
measurement. After this is entered in the program, We 
rFamalining separation measurements are made by tne 
computer. 

After all data has been measured, the bias voltage is 


agai,n sampled. 

Again the atmospheric pressure 1s sampled. 
Again the temperature 1s sampled. 

The averages are stored for the bias, 
temperature. 

The operator 15 asked tG measure ana enter the 4-wire 
current measuring resistor and the final distance. 

The data is printed for operator viewing and stored on 
magnetic tape. 

An ordinary data plot 1S provided fcr operator 
evaluation. 

Details of operator measurements are printed. 
Haeoteeecmm lot 15 provided for operator eva.uation. 


pressure, and 


The aperator is asked to decide if the run was gocd 
or if it must be repeated. 

Calibration sensitivities are srinted aint +5 #ach 
Pate lene stato ti cs imcluitec. (Sigma iS in VirPas 
The final form of the sensitivity caliGratians are 


stored on tape. 


Subroutine to get least Squares fit for i/r data. 
Subroutine to get temperature. 

Subroutine to get atmospheric pressure. 

Subroutine to get bias voitage. 

Slibimecteame EO get mlGat of cata. 

Subroutine to get array with preamp gain. 

Seer lim= €fO Gel YVaitage division for A.E. 24: a4. 
Siewert tie oO SP=tup Nagneric tape. 

Steinmeier ee moemget SG Pr Ll iteme Ss (nSed tit caAicu. ate t1. 
BMoimole. Me S.J get ee eee LAS te, te aes 


-_— ee ee 
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et 
ri 
rr 
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y WPL ELEN | Peewee nenen data 


li 


AIqGuisiticon for three separate free field -2cl Pprecra 


f 


ealculrations. In tis) 43 mat version, two difterent 
comparison calibrations based upon the data necessary for 
ane reciprocity calibration are possible. The fined 
comparison calibration is based upon either the Altec 683A 
avectrodynamic microphone or an older "625 type saltshaie-” 
@lectrodynamic microphone. The comparison caii:Orataagme 


results finally used are referenced to the Altec 683A. 


“he program listing iS next. 
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C. PROGRAM LISTING 


Hine SS NAY 34 
QO | PROG N28-INVERSE R DATA COLLECTION. CPU CONTROLS MOTOR 
0 


' AND DATA STORAGE/PLOT 
40 DUTPUT 720 ;"RE” ! RESETS COUNTER 
50 GUPPUT 709 ;°DG4,14,15° ! MAKES SURE VOLTS TO MOTOR ARE O 


60 CLEAR 

6i DISP "SETTIME?? H*3600+M#60,MDD" 

62 DISP “PRESS CONT IF OK" 

63 PAUSE 

70 DISP “HOOK UP MOTOR VOLTS” 

80 BEEP 

390 BEEP 

100 BEEP 

110 OPTION BASE 1 

be Oe tie <20)4V020).6(20) , M0620) ,AC 40) ,E 14204 T1 <3) P13) 
130 DIM B1¢20),V1¢(20) ,B8¢20) 

Pe0eD im 87620) ,47(20) ,.V8e20) 

150 DIM S$4¢(9) ,E3¢20) ,E4¢20) ,A2¢40) ,B2¢40) ,RS¢40) ,R6¢40) 
160 ! B WILL STORE RANGE 

170 ! C WILL STORE DELTA RANGE 

1380 GOSUB 3770 ! TAPE SETUP 

190 GOSUB 3430 '! PREAMP GAIN 

195 GOSUB 4000 ! INITIALIZE [1 

200 DISP "ENTER BEGINNING RECORD NUMBER FOR ‘DAT1’ STUFF” 
210 INPUT L4 

220 FOR N=1 TO 20 

230 MON) =0 

240 B1¢«N)=0 

250 V1(N)=0 

260 B7«(N)=0 

270 V7(N)=0 

280 B8(N)=0 

2390 V8«(N)=0 

300 NEXT N 

G10 IeroReR1=1 TO Ss 

315 R1=1 

320 ' R1I=1; 633T640R 

330 ! Ri#2: 688TE40R 

340 ' R1=3; 688TE33R 

350 OUTPUT 720 ;"RE" * RESETS COUNTER 

360 OUTPUT 709 :"D04,14,15" ! MAKES SURE VOLTS TO MOTOR ARE 


370 IF Ri=l THEN GOTO 400 ! 633T640R 
380 IF Ri=2 THEN GOTO 440 ! 688T640R 
390 IF Ri=3 THEN GOTO 480 ! 688T633R 
400 PRINT "633A TRANS ,640AA RCV" 
S07ERINT o 

420 DISP "633A TRANS ,640AA RCV" 

430 6010-510 

44) PRINT “688 TRANS,.640AA RCV" 

450 PRINT "" 


Oa = 


DISP “688 TRANS,6540AA RCV" 
GOTO 510 

PRINT “688 TRANS, 633A RCV" 
PRINT 

DISP "688 TRANS, 633A RCV" 
C1#52.722 ! PF #1248 
R8=9247663 ! OHMS 

GOSUB 2920 ! GET BIAS 
C2259 0 Ee 


DISP "LONG TUBE PLANE WAVE MODE NUMBER FOR FREQ" 


INPUT F 
F9=F 


FeFe245 ! FOR LATER COMPARISON WITH TUBE RECIPROCITY DAT 


DISP “INPUT DRIVING MV" 


INPUT AO ! ASKED FOR DRIVING VOLTAGE IN MV 


IF R1=1 THEN V22A0 

f VO=A2(F 9) #V2+B2¢(F 9) 
DIsr- INPUT V DROP: 
INPUT V0 

GOSUB 5000 


DISP “ENTER 5204 SENS IN VOLTS" 


INPUT B 


0 
DISP "ENTER 5204 TIME CONSTANT” 


INPUT T2 
T2=T2«{000 


DISP “MEASURE AND ENTER THE START DISTANCE FOR MIC B,MIC 


TOPMIC B“FACE CEM) 
INPUT D1 


T1=10000 ! INTERVAL OF DRIVECMOTGR) TINE IN REL ISES 


M1=20 ! #POINTS,MAX=20" 
' 
) 
BUT RUT 712 VER" ence 


OUTPUT 717 :"AM" AG, “MR” 
[PORT =)) THEN 7607 ELSE, 200 


DISP “MEASURE/ENTER 633 4-WIRE CURRENT LIMITING RESISTAN 


INPUT R9(1) 
f R9=74.705 ! OHMS 


PRINT "“4WIRE-R(OHMS) =" ,R9C1) 
IF R1<3 THEN GOSUB 2920 ! GET BIAS 


GOSUB 3690 ! GET GI 

T=0 ! INITALIZE TOTAL COUNT 
GOSUB 2760 ! GET 1s: 

GOSUB 2830 ! GET P 

IF R1*3 THEN 890 ELSE 870 
GOSUB 2920 ! GET BIAS 
E1(R1) £1 

P1(R1)=P 

TICR1)#T3 

FOR N=! TO M1 ! GET DATA 
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mS ees ee se sete er 
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OUTPUT 720 ;“FN12" 

OUTPUT 709 ;"DC4,14,15" 

WAIT TI 
OUTPUT 709 ;"D04,14,15" 

WAIT 15000 ! STOP SWAYING 

ENTER 720 ; Ai ! COUNT THIS RUN 
V(N)#0 ! INITALIZE VOLTS 

T=T+Al 

FOR M=! TO 30 ! AVG 30 READINGS 
HUTPUT 70S <"Vi3” 

WAIT 3*T2 ! WAIT THREE S204 TIME CONSTANTS 
ENTER 709 s E 

VON) #VCN) +E 

NEXT M 

VON) VON) /30 

B(N)=T § CUMULATIVE COUNT 

CCN) =#A1 ! COUNT NTH RUN 

DISP A1,T,N,VON) 

BEEP 


OUTPUT 720 ; RE” 

IF N= INT(M1/2.3) THEN 1136 ELSE 1160 
BEEP $0,505 

DISP “MEAS&ENTER DIST(CM)” 

INPUT D7 ! CHECK DIST. 

NEXT N ! END OF GET DATA 

BR Pine TIME S600 

PRINT "DATE=",DATE 

PE R= gehen tol ELSE 1190 

GOSUB 2920 ! GET BIAS 

GOSUB 28300 Cet P 

GOSUB 2760 ! GET T3 

tien ome er <RI)=CE1CRI)+E1)/2 
PCR 1) CR GCRID+P) /2 

Rk 1 OL GR y+ 13) 72 

BEEP sO) oUsS 

DUB? seein ds nin 

IF Riet THEN 1254 ELSE 1260 

DISP “MEASURE/ENTER 633 4-WIRE CURRENT LIMITING RESISTA 


INPUT R9¢2) 

ER enh wes LS fANCE= note) 
R9=(R9C1)+R9(2))/2 

PRINT “AVG 4-WIRE OHMS="",R9 
DISP “MEASURE AND ENTER THE FINAL DIST(CM) " 
INPUT D2 ! FINAL DIST 
E=AESCUZ-=D1) 1 TOTAL Diol con 
FOR N=1 TO M1 ! SCALE DATA 
VON) =VCN) #BO*G1 

Deeb 102 THEN 1320 GEESE y1340 
B(N) #D1-BCND #L/T 

GOTO 1350 

B(N) =D1+BON) *L/T 

CCN) =CON) #L/T 


—SOo = 


1360 NEXT N + END OF SCALE DATA 

1370 IMAGE 2D,1X,3D.DDD, 1X.4D.0DD.1X,D.DDDDDE 
1380 PRINT" N RUN RCM) VOLTS" 
1390 FOR N=! TO M1 t PRINT DATA 

1400 PRINT USING 1370 ; NA COND 3B) VEND 
1410 NEXT Nt END OF PRINT 

1420 GOSUB 2500 ! GET L*2 eae 

1430 ASSIGN# 1 TO “DATI" 

1440 IF R1<3 THEN 1450 ELSE 1480 

1450 PRINT# 1,L4 ; VC),BQ) EI(R1),PICRI), TICRT),VO.R9,F ALB, 
M1 

1460 L4=*L4+!1 

1470 GOTO 1500 

1480 PRINT# 1,L4 ; VO),BO),£1(2),PICR1), TI CRI), VO,R9.F,8.B.M 
1 

1490 L4=L4+1 

1500 ! 

‘S10 IF Ri=1 THEN 1540 ! STOREDATA 

1520 IF R1=2 THEN 1610 

1530 IF R13 THEN 1680 

1540 FOR N=1 TO M1 ? 633T-640R 

1550 BI(N)=BCND 

1560 V1(N)*¥(N) 

1570 NEXT N 

1580 V6=1/48 

1590 AG=B/A 

1600 GOTO 1750 

{610 FOR N=? TO Mf ? 688T-640R 

1620 B7(N)=B(N) 

1630 V7(N)=VC(N) 

1640 NEXT N 

1850 V7=1/A 

1660 A7=B/A 

1670 GOTO 1750 

1680 FOR N=! TO MI ! 688T-633R 

1690 B8(N) =B(N) 

1700 V8(N)=VCN) 

1710 NEXT N 

1720 V8=1/7A 

1730 A8=B/A 

1740 ! END STORE DATA 

‘750 ! 

1760 GOSUB 32000 ' PLOT DATA 

1770 COPY ! END PLOT 1/R DATA 

‘780 PRINT 

1790 PRINT ‘“* ! RECORD DETAILS 

1800 PRINT "# OF MEASUREMENTS<" M1 

1810 PRINT “MEAS CHECK(CM)=",D7 

1820 PRINT “CALC DIST (CM)=",BCINT(M1/2.3)) 
(ed0 PRINT: . 0. sae eae 

1840 PRINT “DIST *ZERROR=", (BCINTCM1/2, 3))-D7)8100/D7 
ROS OCR Ta cc oe ere 

1860 PRINT “START DIST(CM)="_DI 


— SO Ga 








2280 
2284 


PRINT “END DIST(CM)="",D2 

PRINT 5204 SENS =",B0 

PRINT "717 MVOLTS=",A0 

PRINT “TOTAL COUNT=",7 

PRINT “FREQ (HZ) =",F 

PRINT “" ! END RECORD DETAILS 

FOR N=! TO M1 ! SWAP LOG DATA 

E3(N)#=1/B(ND 

E4(N)=V(ND 

NEXT N 

FOR N=1 TO Mt 

B(N) =ABS(20*LGT(E3(ND)) 

VN) =ABS(20*LGT(E4(N)) ) , 
NEXT N 

GOSUB 3000 ! PLOT SUBROUTINE 

COPY ! END PLOT LOG DATA 

GCLEAR @ BEEP 

DISP “RERUN LAST DATA ? ENTER t= RERUN, 2=NO, CONTINUE" 


INPUT 293 

IF Z9=1 THEN Rt=R1-1 

{ NEXT Rt 

Ri=1 

PRINT "M0(640) VS RNG(CM)"” 
PRINT °" 

IMAGE 3D.DDD.1X,D.DDDDE 
PRINT ” RANGE(CM) M0(640)" 


M3=0 ! SUM M0 
Ro=0 5 SUM OR 
R4=0 ! SUM R°2 
K9=0 ' COUNTER 
se Oo! SsUMTROF 2 


FOR M=INTCM1/2) TO M1 
V4=1/¢(B1(N)/V7+A7/V7) 
tf V3=1/¢(B1(M) /V8+A8/V8) 
t R3=*R3+V4/V3 
P R4*R4+(V4/V3)%2 
Veoh tl 
' PRINT “RATIO#" ,V4/V3 
' NEXT 


RS*R3/K3 ' AVG R + SIGMA 
' R6= =SQR(ABS(R4- K9#R5°2)/(K9-1)) 
BEEP 
DISP “INPUT V DROP IN VOLTS” 
INPUT VO 
DISP “INPUT 1=640R+633T" 
DISP “INPUT 2=640R+688T" 
INPUT N 
IF N=! THEN RS*RS(F9) ELSE RS=R6(F9) 
FOR N=t TO M1 
c4=\)1(N) 
' T12CA2(F9)#V2+B2¢F9))/R9 
I12VO/R9 


Sos, (S 


Z21*E4#R5*4.303561*(273.16+T1(1))=(B1(N)+A6) 
22=119P1(1)*1009F 

MO(N) ®SQR(Z1/Z2) 

PRINT USING 2100 ; B1(N>,MOCND 

PRINT "DB RE 1V/UB@200VBIAS="", 20*LGT(200#M0(N>/E1(1))-2 


M9=M9+M0(N) ?! FORM STATISTICS 

MB=MB4+M0(N)72 ! OF MOCN) 

NEXT N 

PRINT “Ii=",I1 

PRINT “VO=",V0 

PRINT "“R9=",R9 

M7=MS/M1 ! <MOC(N)> 

PRINT "<MO>=" M7 

PRINT “AVGDB 1V/UB@200VBIAS=", 20*#LGT¢(200eM7/E1¢(1))-20 
M5 -SQRC(ABS(M8-M1#M7°2)/(M1-1)) 

PRINT 'SIGMA="",M6 

PRINT "“<RATIO=>"°,R5 

’ PRINT “PROG RATIO=".RS(F9) 

f PRINT “SIGMA R=",RE6& 

GOSUB 2420 

D tsp "END" 

BEEP 

END 

ASSIGN# 1 TO "DAT2" 
PRINT# 1,44 ; F,MO(C)>,M7,M6 
ASSIGN# t TO * 
PRINT ‘*** 

RE TURN 

- 


t SUBROUTINE TO GET LEAST SQUARES FIT (1/V)=(R/V)+(*D/V 


Xi*G ! SX 
X2=0 ! SX*2 
X30 ! SXY 
TO aot 
¥2*0 2 °S' Zz 
ro=20 1 N 


FOR N*1 TO M1 


X1=X1+B CN) 

X2*X2+BC(N) *BCN) 
X3=X3+B(N)/V(N) 

Yi=Yiel/VCNn) 
Y2=Y2+1/(V(N) @VCN) ) 

Y¥3=Y3+1 

NEXT N 
A=CYS#X3-X1°Y¥ 1) /CV¥3#X2-K1*X1) 
B=CY¥1#X2-X1#X3)/(Y3*X2-X1#X1) 
QS5*Y3#X3-X1#Y¥1 
Q6*SQR(Y3"#X2-xX172) 
Q7*SOR(CY3*¥2-Y1°2) 
R=Q5/(Q6#97) 


= 565 s— 





PRINT “VO=(VOLTS)",1/A 
PRINT “a=(CM)",B/A 
PRINT "R=",R 
RETURN 
! SUBROUTINE TO GET Tere 
QUTPUT 709 ;"D04,i" 
OUTER Ue 22 “EARTMGTI" 
WAIT SOOO 
ENTER 722 ello)  IEMP DEG C 
RETURN 
! SUBROUTINE TO GET PRESS 
OUTPUT 709 ;"DC4,1" 
GUIEUT = 70S; DO4,2° 
UE Oie 22 "EIRIMOTI" 
WAIT S000 
BNeReee2e ter) tO PRESS 
P=100"#P+4,.2646 ! SCALE + CAL MMHG 
RETURN 
i oes ef © @ @ He Oe & 6 6 © Fe © & 6 
! SUBROUTINE TO GET BIAS 
OUTPUT 709 0 Gre Ta area 
OUTPUT 709 :"DO4,3" 
OU Bwis7 22 3. RIOT 
WAIT 5000 
ENTene;22 ;)61e! BIAS FOR 640 
RETURN 

56 699.00 6,5 CSRS Oe Ooo roncien PLOT SUBROUTINE 
ScLEAR ! PLOT 1/R DATA 
VeQ ! V WILL BE MAX VOLTAGE 
FOR N=? TO M1 
IF V>OUCN) THEN 3050 ELSE 3040 
V=aV(N) 
NEXT N 
Z=100000000000 
FOR N=t TO M1 
IF Z<VCN) THEN 3100 ELSE 3090 
Z=V(N) ! Z WILL BE MIN VOLT 
NEXT N 
ET=ABSCB CMI D=BC190/10 
LP OBCI?<BCM1T >) THEN 3740 ELSE 3130 
PRINT "PLOT IS BACKKARDS" 
SCnbeee laa CNly+Z29_1,2-2* (Ved) /5 UHV -7) 7/5 
LI =ABS(BCMI)-B(1)9/10 
AOA Sy ie B Gia CMI ) 
YAXIS B¢Ct),(¥-2)/10,Z2,V 
MOVE B41)+L1*#5,Z+3"(V-Z)/10 
LDIR 0 
LABEL "RANGE ,CM” 
MOVE BCM1)<-Sel} .VeCV-2)710 
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3220 


3510 
3520 


3600 
3610 
3620 
3630 
2640 
2650 
3651 
SE52 
3553 
3654 
3655 
3656 
3657 


LABEL “VMAX="',V 

PENUP 

MOVE B(1),VC1) 

VI*ABS( (V-Z)/30)/2 

HT =ABS((B(M1)-B(1))/40)/2 
POR f=! 10°71 

MOVE BCI) ,VCT) 

IDRAW H1 ,0 

IDRAW -(2*H1),0 

IDRAW H1,0 

IDRAW 0,V1 

IDRAW 0,-(2*V1) 

NEXT [ 

LDIR 90 

FOR X=B(1) TO BCMI) STEP Lt 
MOVE X,Z-2.5*(V-Z)/10 
LABEL VALSCINT(X)) 

NEXT X 

LDOIR 0 


eee 8 # @ @¢ @ @ ¢ © ® ®& © e © 6©@ ® © © © 8 © ¢ 8 F 


AC1)=#9.94366 
A(2)=9.99608 
A(3)=9.99776 
A(4)=10.00223 
ACS)=10.0051 
A(6)2=10.00272 
AC7)=10.00388 
A(8)=#10.00242 
A(9)=10.00343 ! 27797 
AC10)=#10.00181 
AC11)=10.00178 
AC12)#9.99894 
AC13)=2#9.99823 
AC14)#9.99744 
A¢15)#9.997 
A(16)*#9.99744 * 999 
AC17)=#9.99681 
A(18)=9.99361 
A(19)=#9.99248 
A(20)=9.99084 
AC21)=9.9896 
A(22)=9.98785 
A(23)#9.98611 
A(24)=9.98511 
A(25)=9.98411 
A(26)=9.98311 
AC€27)=9.983 
A(28)=9.9825 
A(29)#9.982 
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4011 
4012 


4016 
4017 
4018 
4019 
4020 
402) 
4022 
4023 
4030 
4040 
4041 
4) 42 
4043 
4050 
4060 
4070 


A(30)=9.9815 

BC31)=2).96125 

A(32)=9.981 

AC33)=3.98075 

AC34)=9.9805 

A€35)=9.98025 

A(36)=9.98005 

ACG) =9.97995 

RETURN 

VOLTAGE DIVISION FOR 640 
C*C1+.0012485+.000036329*E 1 *2 
B3=(C2/C+1)*2 
B4=(1/¢(2*PI*F#R8C*.000000000001))*2 
BS=SQR(B3+B4) 

IF Ri*#3 THEN G1=1/ACF9) ELSE GI=BS/AC(F9) 
RETURN 

DISP “ENTER 1= ERASETAPE,2=OK TAPE” 
INPUT U7 

ews (REN O00 ,ELSE P3570 

DISP “ARE U CERTAIN U WANT TO ERASE THE TAPE??7772" 
OS Go .e= Ne 

INPUT U? 

[eau = 1) (HENeSsS40 ELSE 3370 

ERASE TAPE © BEEP 

CREATE "“DAT1",92,480 

CREATE "“DAT2",31,184 

RETURN 

PS oUBROUTINE 10 SETUP COEFFICIENTS USED 1GSGaiEG I! 
ie C2o = UU007 352517 

A2Z(6)=.0007374895 
A2¢€14)=.0007321923 
A2Z(18)=.0007241014 
A2(9)=.0007159909 

B2¢9)=.00055091 

A2(8)=.0007169636 

B2(8)=.0003581818 
A2€11)=.0007124636 
A2(10)=.0007133881 
B2¢11)=.0002854545 
A2Z€12)2.0007128545 

B2Cliz%=>, 0006/2727 

A2¢23)=0 

B2¢2s=~.0007 43636 

B2(6)>=.000?151515 
B2(14}=—.0002686567 
B2¢18)=~+.000387575¢ 

B2(10)* 0001727273 

B2¢(23)=6 

RETURN 
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! SUBROUTINE FOR RATIOS 


! 640R/633R 
! 


R5¢5)=47.04 
R5(6>#52.556 
R5¢7)=50.03 
RS¢(8)#52.59 
R5(9)249.6 
R5¢(10)=42.76 
R5(11)#=39.24 
RS¢(12)=37.32 
RS(13)2#38.18 
RS5(14)*34.83 
RS €15)=32.17 
R5(46)=28.92 
RS(17)=27.25 
R5<418)=28.83 
R5(19)#21.33 
RS(20)=18.38 


' §40R/688R 
’ 


R6¢(1)2=14,57 
R6(2)*15.3 
REG) 220). 7 | 
R6(4)#16.3 
R6(5)=18.9 

PRS ¢5)= 17.603 
' R6(6)=16.889 
R6¢6)=18.16 
R6(7)220.158 
R6(8)*21.659 
R69) =22.463 
R6(10)=24.728 
R6C11)=21.587 
R6(12)218.96 
REC 1392922). 276 
R6(14) =26.309 
R6¢15)<23.404 
R6(16)227.752 
R6(1/79#25.069 
R6(18)=27.495 
RG 19 ec. 237 
R6 (20) =26.742 
RO4 1) 90627203 
R6(22) 827.20 
R6 (25) =33.42 
R6(28)=41.82 
R6(31)=45.51 
RETURN 


= eee 











Pe VARI OBEE DEFINITIONS YSED IN THE PROGRAM 


4 - "A" coefficient obtained using the least Square error 
data + rte coumntyyIsploOeteds vst 3 EI7Viri ld = (r/Vold = 
CD/Vol ; Wee = i Vow so = P/O. 

ACJ —- Storage array for the previously measured preamplifier 


gain as a function of mode number. (multiples of 245H2) 
A8 - Not used. 


Al ~ Sample count during an individual run. Output from the 
optical shaft encoder via the eiectronic counter and tne 
Hee. 

A7 - Not used. 

AS - Temporary storage for the ratio "B/A" obtained with tre 
least Square error fit to the measured data. 

A2ZCJ - Storage array for the coefricients used to caicuiate the 
source current I[1. 

AO - The "asked for" driving voltage in millivolts. 

BCI - Variable used in the plotting routine equal ta the total 


distance travelled at a particular calibration point. 

B - Least Square error determined "Y" intercept as described 
under "A" description. Equal to D/Vo where "D" is the 
correction to the measured separation applied to obtain 
the acoustic separation and Vo 12 the least Square error 
voltage when the separation has magnitude of one. 


RSC] - Not used. 

B7C] - Not used. 

Stal - Variable used in the voltage division calculation for the 
condenser microphone. 

R4 - Variable used in the voltage division calculation for tre 
condenser microphone. 

BS = Variable used im tme voltage Ssivisiom calculatien +ar tne 
condenser microphone. 

Peet -— storage array for the coetficients used to caltulats ine 
source current. 

BO - FAR S204 scale sensitivity in volts. 


COE] - Storage array for the individual run distances. he 
distance travelled oetween incividual calicration 
measurements. 

ie - Variable used in the voltage division calculation far tre 
condenser microphone. 


Be! - The program value of the W.E.540AAR microphone capacitance 
1m picofarads. This value includes the HNC ‘extender " 
used in the experiment. 

OR - The measured system capacitance frr tne acoustic F:giiai 
Heo tom eenNe COnIiet Se anlcr oom or =. 

D1 - The starting separation S1iIStance BFetween the “onder ser 
ee eee Os eee eee hee Ae it Ce ets eC Sao. 

eg - Tne cperator measured “cneacr" distance. 
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MS 
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The final distance the operator measures ama =nter 
the program. (cm) 

Temporary storage for cne sample of ¢1gnai voltages. 
Thirty such readings are obtained sefore any :rdivicual 
"data" point 15s considerea complete. 

Temporary storage for the signal voltage used in the 
calculation of Mo. 

Temporary storage array used prior to plotting data. 
Sample storage for bias voltage. 
Array storage for values of bias voltage. 
Temporary storage array used prior to plotting data. 

The mode number (multiple of 245 Hz) desired for a 
particular experimental run. Frogram modified to be the 
actual frequency of the former mode number. 

Temporary storage for "F", the mode number (multiple of 
2435 Hz) desired for a particular experimental run. 
Numerical value obtained by subroutine calculation -or 
magnitude of the voltage division transfer function tor 
the condenser microphone input circuit. 

Variable used in the plotting routine. 

A counter used in the plotting routine. 

Computer calculated value of driving current used in the © 
GCaleul ation toro. | 
A counter used in the statistical analysis of Mo. 

The operator entered "record number” used to identity 
where on the magnetic tape storage 15 desired. ; 
The total distance between the beginning posit1iGan anc 4 
end for a particular data run. ea 

One tenth the total distance travelled in a particuiar 
Calisration run. 

Used in tne statistical analysis ct Mo: the sum ct the 
squares of individual values of Ma. 

a COUneer . 

‘Ised in the statistical analysis 3 Mo: ine 
Indtvidtias values at wie. 

The mumber of "different setaration” cCaliGraAaciwed | 
measurements desired. Normality set at 2. 

Temporary storage for the open circuit voltage receir.ing 
sensitivity calculated in volts/sascailés. ; 
Sigma for "M7" over the sequence ot calibrations at Ghe | 
particular +requency. 

Array storage tor the individual values of "M7". 

A counter for Do, loops. 

Array storage for the tinal value or the atmospneric 
pressure used in a particular caiildration calcul a0 yee 


iW 
r 





iii = = eee 


{i 

c 

i) 
' 






Sample value for atmospheric pressure. 

Teapcrary -.eriable used 19 least Square error s.cr du” ee 
Temporary variable used itn feast sijuere err cr tutor 5.0 ee 
Temporary variable used in least Eequiare ev-roaor sur dt. Cee 
The parallel combinatiane oft the input resistarce ~ aie 
Ithaco (201 greamolifirier (’i° sMegosms; GiitG Cree 
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Ri 


RS 
RG& 
R&C J 


KS 
Ti 
mic J 


YO J 
V8 
V3C 3 
Og { 


Sis 


er WA 
V70 
Vs 


VO 


>< >< 
roe 


BLOCKING wWesisotor (2.10 Megonms). 

Storage array for the Ro ae measured values of 
"Vratio" obtained for 640R/6525 

Used in the statistical analysis of Mo. 

Temporary storage for the average value of the current 
measuring resistor. 

Storage array for the beginning and ending values ot 
4-wire resistance measurements obtained for the current 
measuring resistor. 

The linear correlation coefficient for the least 
Grrom gata fit of Cl7Vir)] SBiGctted vs range, r. 
Originally used to distinguish which part of the 
way reciprocity calibration was in use. Set = 1 
comparison calibrations. 

Not used. 

Not used. 

Storage array tor the previously measured values of 
"VYratio" obtained for 640R/6S3S5R. 

Used in the statistical analysis of Mo. 

The interval of drive motor "on" time in milliseac. 

Array storage for the average temperature observed during 
a particular Cec cauine 

Storage for temperature obtained before a data run. 
Accumulator for total count from optical shaft encocer. 
PAR 3204 time constant, entered 15 seconds with 
conversion to milliseconds. 

Operator entered cue; if U7 = 1, the magnetic tage is 
erased. Otherwise it is not erased. 

Variable used in the piotting routine. The max 
voltage measured in a particular data run. 
Variable used in the slotting routine. 

Not used. 

Not used. 

A variable used 
Mot used. 

Not used. 

Not used. 
Temporary variable usea tsa 
regression analysis. 
Temporary storage far the 
millivolts. 

Operator entered voltage drop across the current 
measuring resistor. 

Variable used in the plotting routine. 


square 


three 
tor. Che 


proagran 


Signa, 


Poet Ok te king Tei ise: 


store "“i/s/A”" from the 


"asked for" driving voltage i: 


Used in the statistics caiculations for the least Square: 
Meet eat ad. cOoa (tet (ol at . Tne sum Of XK values. 

Used in the statistics calcuiatiaons for the least Fynar -3 
OCR ent a ete Ane CIC hGc. Tite sar Gof K7 prscucths. 

WoeoG Pa che Scacpaecics Calcuiatatiis 37 tlie ivrast -4ca -- 
fic et am ee Slade (et ee eS Son wot Setar 2c esa 


od 
{u 
A counter. 


NW dee 
To 


Used in the statistics calculations ror the 
fit of data to a ivr plct. The sane 
Used in the statistics cCaiculations for tre 
fit of data°te 4a 1/a ples The ceunmterm: 
Used in the statistics calculations for the ie@ast Scie 
fit of data to a i/r plot. The sum of Y squared valW@eas 
Operator entered decision variable; if = 1, then Gata run 
must be redone. 
Temporary variable used in the calculation cf Mo. 
Temporary variable used in the calculation of Mo. 

Variable used in the plotting routine. Equal to the 
minimum signal voltage measured ina particular Gata rian. 
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ina Boe. Peeeeins CaPaeitak CORRECTION 


Calculation of the signal loss due to the D.C. blocking 


Capacitor Cc shown below and in figure 3.23, was accomplished 


by comparing two different numerical solutions for the ratis 


cr 


Cel/Vind. These solutions were obtained for ne two 
different circuits using circuit analysis software. The 
first numerical solution used a homegrown circuits soluticn 
on the HP-1SC hand held calculator using the complex mode. 
The significance of the complex mode on this particular hand 
held calculator is that complex number= can be direcczi, 
employed in the impedance caiculations. The second soluticn 
was obtained on an [RBM XT microprocessor using the "Pspice" 
Circuit analysis software made available ty the Electrical 
Engineering Department at the United States Naval Acadamy. 
Hoth sojiutions were 1n supstantial agreemert with an average 


discrepancy of.0O0O1 dB. The PaStescircurt for the acoustic 


Signal is shown below: 
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VS Vin 


Cm I { 


: Vout 
c Ci 
fi 


Microphone Bias box Signal preamplifier 





— oe ee ee ee ee me ce cc cr cr cc ce rc re cc ce et ee ce ee ce ce ee ee 


Srcina le 


FOr <oOmparison purposes, the first circuit anmalvsis neGgreews 
both Ce and Cb. In the second analysis both of these) 70 
uFarad Capacitors are included. 

The first solution for the signal veltage el’ 1S given 
as a function of the "“observec" voltage, Vin, using the 
signal transfer ‘obtaimed: for ‘Re circuit shown adams 
Cag sect ing “Bsn ae ee. This anmaivsis parailels the sclutricn 


used in the comprc.ter Oregr am. In C7e second Compile iw 


=" S70) — 








both Cc and Cb are included and the signal voltage is given 
by el’’. 
The correction to the program solution for Mo is given 


below in equation E.1 


{/ 
“ C4 
CORRECTION = ay O Log “el? 
Equation E.1 


Mo due Ce Cy 


If we define individual impedance terms as follows: 


Zm —- microphone impedance, 1/j3wCm 
Zc —- coupling capacitor impedance, 1/jwCc 
Z1 - load impedance consisting of Ci, Clo, and Ri. 


Zb —- bias impedance consisting of Rb, Cb, and Cli. 
Z1‘—- modified load impedance consisting of Ri, Rb, Ci, Clo, 
and Cli. 


Zt —- (Z1 + Ze) in parallel with Zb. 


Then the correction may be rewritten as: 


1+ Be) 3 
= u 

CORReerion TO _ Lo 
Mo dur Ce, Cb ime (4 + ay 
ih, 





Equation E.2 


This correction is' solved numerically with the program 


listed in table E.1. 
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Register usage Program Listing 
for HP-15c hand-held 


register scientific calculator 





Variable - number 
(read top to bottom, left to right) 
Ct (140pF) - .9O F LBL B REL .s + HFG) 
*Wo me REE 2 Pela FETS R/S 
Cb (.014uF)—- .3 X 1/X e) GSBez 
Rb (10Mohm)- .4 STO O + RCL .9 RCL I 
Clo+Ci (40pF) - .5 RCL O e) Pela g CF 8 
Ce (.014uF)- .6 Soke ac RCC ao X g RTN 
Eli (1O0CGh) = 27 RCL O FEL] Si@ 5 F LB 
Ri (€1OMohm)- .8 STG X*2 2 + Reser RCL O 
Cm (SOpF) - .9 RCL O 0 STO & X 
w (mode*Wo)- 0O STO X .7 BE, 1 CHS 
retZm/Zt} =" of RCL .S ao Gi) bee Ai 1/X 
imtZm/Zt} = i2 GSB 1 X + g RTN 
re{Zc/Z1} = <5 3) Gigs Sioa RCL 2 F LBiee2 
imt{Zc/Z1} - 4 RCL .& RE: IM an oe RCL O 
retZm/Z1 ‘3 = ao GSB 1 SrOrzZ 1 STO / .9O 
imtZm/Z1 °*} = 6 STO .6 RCL .8 RES RCL O 
Ri*RDB/(RitRbD)- 9 RCL 7 1/X + STO 7 a 
GSB 1 RELe. 7 RCL 4 RCL O 
STO .9 FCI] EC id STO / az 
* Wo = 245*pi*2 RCL .8 0 X RCL 
* 1539.3804 1/X REL. 6 1 GSB il 
RELY. 7 FCI] RCL 5S Sioa 
a Oy | X + RCS 
1/X Sis RCL & GSB 1 
0 Ree iM Gila STO .6 
RCL .& STO 4 / REE ae 
Pei) RCL 9 R/S GSB 1 
+ 1/X RE: IM STGae 
1/X RCL .95 R/S g RTN 
RCL .4 RCE. 7 g ABS 


** program instructions are described in the HP-15C owners 
handbook. The entering argument in the "x" register is the mode 
number of the longitudinal resonance desired. The output gives: 
the real component, the imaginary component, and finally the 
magnitude. From the magnitude, the correction in dB is obtained. 





=i SO) aia 


A comparison of the correction obtained using the above 
Program was made with a numerical solution obtained using 
the IBM XT microprocessor and the "Pspice” circuit analysis 
software made available by the Electrical Engineering 
Department at the United States Naval Academy. The parameter 
Variables were the same as listed in table E—.1 with the 
exception that Ce and Cb were given values of .Ol1 uF for 


simplicity. The tabulated comparison of results is given in 


table E.2. 
Mode # - HP-15c corr - IBM-XT corr -—- discrepancy 
solution (dB) solution (dB) (dB) 
1 .054 056 OO 
Pr 045 ~045 O 
3 043 ~044 -.001 
“ 9042 9044 =—.002 
S| ~042 ~044 =—OO2 
6 » 042 043 = QO] 
7 ~O41 - 040 +.001 
8 041 - 040 +.001 
=) 041 -040 +,001 
10 041 - 040 +.001 


HHHHHHHH MO further change through mode #23 *#K*#HH KEKE 


A plot of the proper correction is shown in figure E.2. 
The correction due to the temporary neglect of Cc in the 
analytical solution for Cel/Vinj is constant to within a 


Value less than .QO1 dB. 


= Sep 
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ee ce eee ee ee ee ee 


This concludes the calcutiatian ofr tne correction tc 
account for the acoustic signa! dropped =ac:Gss ~ eee 
DlbaoGckingd “Gapaci tor. Yhe correction is a4 almest comer 


te) Gra Be 
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APPENDIX F 


THE OPEN CIRCUIT VOLTAGE SENSITIVITY 
CALIBRATION OBTAINED FROM OBSERVING A 
CHANGE IN MICROPHONE CAPACITANCE WITH A 


CHANGE IN BIAS VOLTAGE 


When the received signal voltage from a condenser 
microphone is simulated by a small change in the bias 
voltage and when the definition of the microphone’ open 


Circuit voltage sensitivity is considered, 


OQ 


_ ov a ov 2e av 
M. = SP - Ot oa oct ov™ oP Equation F.1 


Next, the force on a parallel plate capacitor due to the 


Charge on the plates is given by (Ref. 361]: 


cv 
Q 
3) é. A Equation F.2 





— 


The electrostatic pressure 1s simply the force divided by 


the effective backplate area. This electrostatic pressure 


=—eooS = 


is used to simulate the acoustic pressure. 


2 
ae 


ry & 
Atorevglate) ) bo A Clo ack plate) Equation Fas 





The electrostatic pressure shown here only acts on ae small 
portion of the microphone diaphragm; where the charge is 
concentrated opposite the backplate. Since it 1S an 
acoustic pressure that is being simulated, an interpretation 
of the "area" in the above equation is necessary. If the 
electrostatic pressure were applied equally to the entire 
diaphragm, this would be a proper simulation of the acoustic 
pressure. Since the electrostatic pressure is only applied 
to a portion of the diaphragm, the use of the diaphragm area 
in the above equation results in a low estimate for the 
simulated acoustic pressure. Similarly, since the acoustic 
Oressure 1S actually applied to an area greater than the 
backplate area, use of the backplate area in the above 
equation results in a high estimate for the simulated 
acoustic pressure. AS an initial estimate, the average of 
the two areas is used with the appropriate uncertainty to 
Simulate the acoustic pressure. 

When the definition of capacitance as C=Q/V 1s 


substituted into equation F.3, we obtain, 
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O5> Vo 


P = 
2& ke 





Equation F.4 


When C = Q/V is differentiated, we obtain, 


VM : 


a: ae pe Equation F.5 
Ot Co 


Solving equation F.4% for the square of the bias voltage, 





u = 
ae 
Cy 


Equation F.6 


The partial derivative of V“2 re P is given by: 


OV" _ yy Ev he 


OP ae 





Equation F.7 


The slope of the experimental straight line fit obtained in 


equations 3.17 yields the magnitude of the partial 


= oa 


derivative of C with respect to the square of the bias 





voltage. Thus, the magnitude of the open circuit voltage 
receiving sensitivity for a condenser microphone is given by 
combining equation F.1, equation F.5S, the experimental 


slope, and equation F.7. 


NG z 
Ml re i? aor Bi &, Ke 
0 Cc AV X POU mena Equation F.8 
StePE Fham 
™mEAGured 
\ DATS 


The fractional uncertainty in this sensitivity will be: 


1 
re U c/a 
Aw ¢,\  /Ssrope 
Equation F.9 


0 Co S$ LOPE Ze 


Mg 
Mo 


_— 


Table F.1, shown below, gives the computer program used to 


evaluate the above equation. 
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Register usage HP-1S5¢ce scientific hand-held 
Calculator program * 


-9 - Vo: (200volts) F LBL A X gq LOG 
-1 - Co ** RCL .1 RCL 6 Z Z 
2 — Eo (8.85E-12F/M) 3 x 6) 
o> — Ae ##* yx RCL .3 X 
4 -dC/dV“2 ** 1/X g X*2 Z 
RCL .O X O 
x RCL .4 = 
2 x g RTN 


*% Program instructions are described in the HP-15c owners 
handbook. 


#* The W.E.640AA microphones had the following basic 
capacitances (excluding the BNC connectors) and measured 
values of (€dC/dV“*2] (see equations 3.17): 


Mic. "Co" w/o extender CdC/dV“2] sigma [] 


Serial #1082 —- 49.37 Pf = 2.47E-17 1.2E-18 
Serial #1248 - 49.41 Pf = 3 66E-17 . 1.6E-18 
serial #815 - 46.48 Pf = on 72es) 7 oe. zeeNHls 


#**% Ae is the effective area estimated by obtaining the average 
of the backplate area and the diaphragm area. The 
average fractional uncertainties in the above variables are: 
Ae *.38, slope ~ .04, Co ~*~ <.01, Vo assumed exact. 


The values of Mo that result from the above equation 


ares 

W.E.4640AA CdC/dV*2] Mo 245 Hz ~*~ Mo 
Cfigure 5.8] 

pecial #1082 -—------ =—Jos, » —20 <-45 G&G ~ =-49.35 dB 

Serial #1248 ------- —-S2< ~* -47 <-42 dB ~“ -48.6 dB 

Serial #815 ------- -46< ~ -41 <-36 dB ™~“ -45.7 dB 


=—S8/ - 


These rough calculations are seen to be in agreement with 
more accurate calibrations shown above as obtained from 


figure 3.8. 


= J6cna 





APPENDIX G 


A PRINTOUT OF RAW DATA 
FOR THE PLANE WAVE RESONANT 
RECIPROCITY CALIBRATION IN 


BOTH A LONG AND A SHORT TUBE 


After data acquisition, the computer program listed in 
appendix B stored data on a magnetic tape. The data so 
stored is printed in this appendix without consideration of 
Significant figures. 


The format used in the different data sets 15 given below: 


7 - The mode number of the longitudinal resonance. 

Mi - Reciprocity calibration for the side A microphone 
{V/pas. 

M2 - Reciprocity calibration for the side B microphone 
{V/paysy. 

M3 - Comparison calibration of "C" microphone based upon Mi 
av7 DAL. 

M4 - Comparison calibration of "C" microphone based upon M2 
aV/Dawe 

MS - Comparison calibration of the side A microphone based 
upon M2 (V/pa;. 

MS ~ Comparison calibration of the side B microphone based 
upon M1 {V/pas. 

PSC1,NJ - Atmospheric pressure {pas for midtime of side A data. 

PSC2,N] — Atmospheric pressure {pa} for midtime of side B data. 

TSCi,NJ -—- Temperature (deg C} for midtime of side A data. 

TSC2,NI -—- Temperature {deg Ci for midtime of side B data. 

eS - {long tube data? System identifier used 1n program. 

& - {short tube data}? A Side bias voltage (Volts;. 

AZ - Drive voltage in RMS millivolts. 


ViCi,NJ - Comparison voltage, Vca {Volts;. 
ViC2,NJI ~- Comparison voltage, Vcb {(Volts;. 


G9IC1,NI - Calculated effective gamma at midtime of A side data. 
GICTCZ,N] ~ Calculated effective gamma at midtime of B side data. 
VC1,N] - Ravined signal voltage, A side receive (RMS Volts;. 


woe ,NI Ravined signal voltage, B side receive (CFRMS Volts:>. 
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QC1,N4J Ravined quality factor, A side receive. 





QC2,NJ —- Ravined quality factor, B side receive. 
F2C1i,NJ -— Ravined resonant frequency {hz}, A side receive. 
F2C2,N] - Ravined resonant frequency {hz}, B side receive. 
Ci - tlong tube data? System identifier used 1n program. 
os | - {short tube data} B side bias voltage {Volts>. 

The data that follow are grouped in seven. sets. The 
first five sets list "long tube data" and the last two list 
“short tube data". At the beginning of each data set, the 


following library data is provided: 


CNAME OF STORAGE TAPE] CARRAY LOCATION ON TAPE) 
CLONG OR SHORT TUBEJ CMODE NUMBERS OF DATA IN SET] 
CSERTAL # OF SIDE A MIC ESERIAL 3 GE ISTRPEe eared 
*{SIDE A BIAS VOLTAGE? {SIGMA SIDE A BIAS VOLTAGE} 
*{SIDE B BIAS VOLTAGE? {SIGMA SIDE B BIAS VGETAGE: 


* This format 1s included only for the long tube data. 





—<_FO — 





2 MAY DATA TAPE, ARRAY STORAGE 1 to 23 
LONG TUBE MODES 1 TO 23 

PeslDE =9815 w/EP , B SIDE = 1248 
A SIDE BIAS = 116.334 VOLTS, SIGMA 


= .001 VOLTS 
B SIDE BIAS = 118.464 VOLTS, SIGMA 


.007 VOLTS 


ie = Ag@=s2 sao. eAacose 
fi wecene ar far SS-5fEe en ee) =e tts GO Sb ES 
Naan ew 624295467 e2E-e2 Vines et 1= 1. 1465938s38a9E-a 
MS= 7 34895 S356556E-3 Baie 21s = 597 eal Sones 
M4= 7 9477398, 2626E-3 Goce, 21 A= 1.393% 30265145 
Bee eee SoeOiroclisrfE-2 Wel. 21 = 2.959885H669c¢E-S 
M6= 2.12281794138E-2 Wee 2 O= 4. 961892 79S2E-3 
PS¢1. 21 %*= 186083.387675 Cla eel 2s) 37. eee 
PS¢2. 21 J= 148bS0. 33/7 "4 tenet J= 97 S264392h2 
rer, el s= 21°36 ¢ Feci. 21 d= 734 77026471 
feces £1 2= 21. S625 Fete oe! = Tea Oleer ies 

= 2 ee 
LYF= 2 AS@=V2Gee f 22Sse7 = 
Ml= 2. 84h409hN218PE-2 Wiel. 22 s= 1.189456889339E-3 
fe@= 2elirfreSs3/7est-e V@ermeces t= S7ecbocbi li Leas 
fee featlsrillso9seE-Ss GaiGiwwece t= el Soo 3a7 lay 41 
M4= 7. S4252404945E-3 GAGereee Jee 1  SIass7 ear 36 
MS= 2. 848993500397?r3SE-2 Wed. Ge = 4. 43bS4H/7436E-3 
M6= €.117435°H4E°9E-2 Wess a= 8 aS BSS ase7 FS 
PSe1, 22 %= 1890H63.188175 ROW eee v=o SSO Oe a2 15 
fate: Ze %= Lhbves 32143° Weewece 0= Fa -33/ (a45sei 
Meol> 2£253= 21.3295 Feel, 22 d= $398 235359843940 
feos, 22 7= 21.8225 Re@een ce += S39 eae rss s4 

C= 2 ee 

Lr= 1 ; Rea e eee ease Se Waes 

M1L= .@235138n2066%S Wicl, 24 9= F . 25253444444E-4 
Wa =) 1hnS921667S36b-2 VUGeanee 8= spo okavri«t (SESS 
MZ= 5.7450 28b23414E-S G31, 24 9= 1 39418845558 
M4= 5 £36842 795GSE-3 Gate es. (= 3) 29412796276 
MS= .929446237375 eee. = (oe bee a, NOOSE = Ss 
Mo= 921982245999 WiVEt eo = 2s aen Contec ce se 3 
PSei. |f@3 Y= 1L1HMMH!]B . 139491 Mol, 23 = 62.191 ¢484305 
mee, 2a) 3= Lubes. Sell Qt, 23 = 62.4976851541 
Merl, 248 )= 21.73 Fe@ijer=4 = 24S -sb0¢ec0¢ | 
foes. 22° 9= €1 PP S3 Fece. 22 25 243 1748958 

f= <2 C1= 2 
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A2= 2239. sla 

W1icl. 17 3= Jeeleagizas 

YIiC2, 1? Y= 1.2813a8sso aqme 
G201l>, lie ee 39884317379 
G3¢c2. 17 d= 1.33884363 

MCl. 1? D=eee a3612196973E- 3 
Wtl?, 17 I= 4. Bess4948G23E-F 
Mol. 1/7 I= 124.46B8°963655 
Ce, 1f 3= 124, 6U1S25oa8 
Fecl, 17 = 1Pfl?.32635eue 
Fete. 17 2= Ll?’ . 3653gogmee 
Ci= 2 

AS= 2426.34 b1la¢%e 

Wicl. 18 d= 1.35°9¢1S8s8ee3ne 
Vi¢2d. 13 3= 1.4253 f2e2222Ra 
G9¢c1i, 18 95 1 3202 | 
6902 ae 1 395617825 

Vola Ver = 524939262E-3 
VCS, 18 = 4. 65158635735 3 
Ocl, 146 d= 117 .489419287 
Qc2, 18 3= 117 .498178643 
Fecl,. 13 = 1¢f1.fetaege 
Fe¢2, 18 2= 1471. S4leeace 

Bay & 

A2= 2514 86082 7%H6 6 
WiC1, 123 2’= Job leceies 
Vlte, 13 = 1.21235305355cue 
Ibocl,. 19 %= 1.3933 26noee 
89¢e2, 19 = 1. 33983eo4uiee 
WCl. 123 35 2 3415823822658 
Vee, 19 d= 4+ WSS57 lobes ree 
WCL, 19 a= 113. (USM e eee 
Hes, 19 95 113. F49h1lag le 
F2¢l. 139 3= 1225. 3220s 
F2ec¢2, 137 = Lleea. 4a 
Clase 

A2= cf cept eee leg 

Wicl, 28 I= 1.48945 7%22222Re 
Vice. 206 = 1.1643553333g3Ram 
Isns€1l,. 206 d= 1. 3979 s2ne ee 
B942, 26 35 1, S97942oRo 
WOl. 209 = 2. 86286495644E-S 
Voce, 26 = 4.85961667387eae 
ACL. 2H = 186 .489713419 

Ava. 26 = 166 .66972640" 
Fecil. 20 “= 968). l2eaniiae 
Fecs, 26 %*= 986. losvetors 
Cl= 2 
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14 %= 21.9624 
J2blesee1leasgee-z 

17 39945H6urE-2 
-H2568H157664E-2 
626°9524¢2e51E-2 
3962788438 796E-2 
/174893G113SE-2 

14 = 1808976 .187312 
14 j= leears.iellds 
14 9= 2e.Hses 

14 4= 22.4545 
SSHLaH4F9S3ase-2 
1326s 52Se434E-2 
3425925 FO8B8S5SE—-S 
S4S15°961r°°E-3 
331764647 14E-2 
19141 289H2E2SE-2 
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Roy t= oe 2. Wee 

Poet = ee. br 
Passa 2 ve 

iin ec | ote | oe — 2 
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VE Ge te os ere aoa eS 
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Oe ee ee OS 4 eee ee es 

be Cole aes = 42996141940 - 3 
Vee, 1a = 4. O829599488S57E-S 
Metee ts 2= 18a. 335432542 
Cee Lol Lan 47 SSSoucs 
pee tome 2701212673789 
pee Se = 27 Olean oe SS 
ale 2 

He= 1680 .8@127353241 

Wicl.« 14 2= 1.38147 Fr rrrs 
UI EU es air) Ie Re i 
COG eee ees SS he SDS 
Goce. 14 = 1.3999518194%45 
Wed. 14 = 2.91434966206E-3 
Cera) = Snag ea’ ce 
MCl, 14 o= 164.14219529 


SNES jleaieajre} Se )S 
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24354 .655508 73 
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es A2= 1261.81599816 

Mis 3. becesleelvee-2 Wicl, $ = 2.29795555556E-3 

M2= 2) 21Sh055s45Se-—2 WiC2, & =" Bi zear.s 

Mss 1. slesecOBence-2 Gaci, 9 Y= 1. 39975669961 
M4= 1.311 795504 ?SE-2 G92, 9 = 1.39975654545 
MO= . B3BCA8919295 Wel, 9 = 3.37666246879E-2 

Mes 2. el ssener2ese— VC2, 9 = 4. 86715279907E-2 | 
P5<1, 9 5= 199975 287938 M1, 9 d= 213. 966475391 
PS¢2, 9 2= 1660381 .254412 Oc?, &@ Y= 219.14790562 
Tati. 9 = 21.3205 Peci, 9 d= 3683 5947849 

Totes 3 5 EL. B24 F2¢2, 9 Y= 3683.50570892 
b= e Ble 2 
ames A2= 1249. €2487442 

Mli= 2 wowe4nasa51E-2 Wicl, 10 %= 2. 206272222020 
M2= 2. 20SH4651253E-<2 ViC?, 14 %= 1.69646944444E-F 
MSS 2 eakhaer2G2nE-2 Ga¢1, 18 d= 1. Zagese2saes 
M4= 1.2577S85171A9E-2 Gace. 19 s= 1. 399687905 
MS= 2.091942°29815E-2 Micd, dia v= see Deseo) 
N6= <. eBS4SeG5IScE-< VC2, 18 = 4.97252265491E-3 

SCL; 18 = 189896 .92u761 Ae1i, 19 %= 211.8584450a8 
PScte2. 16 %= LReaAS? 9873545 mC?, 19 Y= P11.1374Ea9315 | 
No ee Chace: F2¢i, 10 >= 34370e5remeg ! 
DS Si ee IIS, F2C2. 14 %= 3437. 88274335 | 
Boe B= 2 | 
Lv= is AS= L273.49134268 
MLS €. 22adedaevele-e< Wicl, 11 = 2.87049166667E-3 ~ 
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